University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

2004

Synthesis and systematic studies of the electronic and magnetic
properties of alkali fulleride intercalates in mesoporous tantalum
oxide.
Boris O. Skadtchenko
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation
Skadtchenko, Boris O., "Synthesis and systematic studies of the electronic and magnetic properties of
alkali fulleride intercalates in mesoporous tantalum oxide." (2004). Electronic Theses and Dissertations.
3695.
https://scholar.uwindsor.ca/etd/3695

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

SYNTHESIS AND SYSTEMATIC STUDIES OF THE ELECTRONIC
AND MAGNETIC PROPERTIES OF ALKALI FULLERIDE A3C60
(A = Na, Li, Rb) INTERCALATES IN MESOPOROUS TA OXIDE

by
Boris O. Skadtchenko

A Dissertation
Submitted to the Faculty o f Graduate Studies and Research
through Chemistry and Biochemistry
in Partial Fulfillment of the Requirements for
the Degree of Doctor of Philosophy at the
University of Windsor

Windsor, Ontario, Canada
2004
© 2004 Boris O. Skadtchenko

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

1*1

National Library
of Canada

Bibliotheque nationale
du Canada

Acquisitions and
Bibliographic Services

Acquisisitons et
services bibliographiques

395 W ellington Street
Ottawa ON K1A 0N4
Canada

395, rue W ellington
Ottawa ON K1A 0N4
Canada
Your file Votre reference
ISBN: 0-612-92539-0
Our file Notre reference
ISBN: 0-612-92539-0

The author has granted a non
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

L'auteur a accorde une licence non
exclusive permettant a la
Bibliotheque nationale du Canada de
reproduire, preter, distribuer ou
vendre des copies de cette these sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
electronique.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriete du
droit d'auteur qui protege cette these.
Ni la these ni des extraits substantiels
de celle-ci ne doivent etre imprimes
ou aturement reproduits sans son
autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this dissertation.

Conformement a la loi canadienne
sur la protection de la vie privee,
quelques formulaires secondaires
ont ete enleves de ce manuscrit.

While these forms may be included
in the document page count,
their removal does not represent
any loss of content from the
dissertation.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.

Canada
R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

ABSTRACT

Herein we report the synthesis and systematic study of a new family o f alkali fulleride
A 3 C60 (A=Na, Li, Rb) doped mesoporous tantalum oxide nanocomposites. This study
allowed us to chart the dependency o f conductivity and electromagnetic properties on the
oxidation state o f one-dimensional fullerides and elucidate the role o f absolute carbon
loading level in the pores of mesostructure. The role of alkali metal in the conducting
properties of these composite materials and possible mechanisms o f electron transfer
upon reduction o f fulleride is also discussed.
Results presented in this work indicated that in case o f Na and Rb fullerides the
conductivity pattern as a function o f Na and Rb reduction level showed a minimum at n =
3.0 and maxima at n ~ 4.0 states. These results suggest that the superconducting behavior
in A 3 C60 is due to accidental vacancies in the structure and the actual composition differs
from the nominal. In contrast, the Li fulleride composite displayed completely insulating
behavior and could not be further reduced, thus hindering a study o f conductivity as a
function o f reduction.
Electrochemical studies of the Na and Li fulleride composite revealed a substantial
difference in electrochemical behavior in these composites. The Li fulleride composites
showed rather irreversible behavior upon Li intercalation/de-intercalation, while the Na
fulleride composites exhibited a more reversible pattern. The irreversible electrochemical
behavior of Li fullerides was attributed to their insulating nature imposing charge transfer
restrictions through the channels. On the other hand the semiconducting nature o f the Na
fulleride composites likely enhances the electron transport properties.
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In order to probe into the structural and coordination geometry o f fulleride units and
in efforts to make meaningful comparison o f alkali fulleride composites with
corresponding bulk phase solid-state NMR studies were conducted on all fulleride
composite materials reported in this thesis. Solid-state 13C NMR studies revealed a great
degree of non-stoichiometry and presence of multiple fulleride species in all composites,
except the Li materials, which showed a single fulleride species. These results suggest
that conductivity in our composite materials likely arises from the presence o f mixed
fulleride species at certain oxidation states and the conductivity mechanism occurs via the
electron hopping between these states.

The n = 3.0 Na composite was completely

insulating and showed only C6 o3' by 13C NMR. This result strongly supports the view that
A 3 Q 0 materials are hole doped Mott-Hubbard insulators.
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Chapter 1. Introduction
1.1 Brief O verview o f Current Activities and Achievem ents in Nanotechnology.

Nanotechnology is a term used to describe the construction and utilization o f structures
with at least one characteristic dimension measured in nanometers. Such materials and
systems can be rationally designed to exhibit novel and significantly improved physical,
chemical, and biological properties, phenomena, and processes because o f their size.
Materials with structural motifs ranging between the size o f an isolated atom and the bulk
phase (1 to 100 nm) often show physical properties dramatically different from those
observed in either other state.1 The study and modification o f matter on the nanoscale
level has attracted great a deal o f attention from a wide variety o f scientific disciplines
ranging from physics to medicine.

It is already obvious that nanotechnology will

fundamentally change the technologies currently utilized for materials,2’3 computer
technology,4,5 energy,6’7 medicine,8’9 astronomy,10 geology11 and will have a great impact
on environmental applications

and building materials.

For instance, it has been shown

that carbon nanotubes are ten times stronger than steel with one sixth o f the weight.1
Carbon nanotubes also have the ability to absorb hydrogen and can even be fabricated
into ultra-thin wires.14' 16 Another example o f the application o f nanomaterials is the
utilization o f the ordered mesoporous material MCM-41 (a member o f M41S family),
discovered by Mobil Oil Corp.,17’18 with variable pore size (15-100 A) in catalysis,18"20

stabilization o f quantum wires21’22 and removal o f heavy metals from base water 23,24
Since the discovery o f mesoporous silica MCM-41, researchers have greatly expanded
this motif to the point where it is possible to synthesize fabricated architectures with a
myriad o f structural features and pore sizes ranging from 1 to 10000 nm out o f virtually
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any stable solid substance that can be easily manipulated in solution and subsequently
precipitated.25 Because o f this, in the past decade tremendous progress has been achieved
in the synthesis and fabrication of novel isolated nanostructures.

This includes the

synthesis o f nanoporous materials,26'31 one-dimensional nanowires,32'36 nanotubes37"40 as
well as nanocrystals.41’42 Because it possible to control size and shape o f nanoporous
materials, it should also be possible to enhance material properties and device functions
beyond w hat are already established.

In summary we can confidently state that

nanotechnology has the promise to greatly impact science and technology over this
century.

1.2. General Classification and Applications o f Nanoporous M aterials.

Porous materials created by synthetic design have found a wide variety o f applications
in all aspects of our daily life.43

Their pore structure is normally formed during

crystallization and consists o f isolated or interconnected pores with similar or different
shapes and sizes. Depending on predominant pore size, the solid materials are classified
by IUPAC44’45 as:
•

M icroporous; pore sizes below 2 nm

•

M acroporous; pore sizes exceeding SO nm

•

M esoporous, pore size ranging between 2 nm and SO nm.

The use o f macroporous materials as adsorbents and catalysts is limited due to their
low surface area and large non-uniform pores. Due to their uniform or nearly uniform
pore size, microporous zeolites are widely used in catalysis, adsorption and separation
(ion-exchange) technology.46 However, due to the small pore size o f these molecular
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sieves (< 15 A) , zeolite applications are limited to small molecules and substrates.47
Significant efforts were made in an attempt to expand the pore sizes o f zeolites and
synthesize new stable molecular sieves with larger pore size and a broader range of
applications. Success came in 1992 when Kresge et al. at Mobil Oil Corp. discovered
periodically ordered mesoporous silica through the use o f a cationic surfactant as the
structure directing agent.17,18 This unique form of silica, referred as MCM-41, possessed
surface areas o f up to 1500 m2/g and the ability to vary pore size over the range of 1.3 to
10 nm. This was a great breakthrough in so far as it overcame the pore size constraint of
zeolites and produced enormous research interest in new templating strategies for
nanostructured materials fabrication. Mesoporous silica is predicted to be useful as a
catalytic support,48'50 in membrane separation,51 as an adsorbent,52,53 and can also serve as
host for conductive and magnetic materials, leading to unusual physical properties.54'58

1.3. Synthesis and Properties of M esoporous Silica Based (M41S) M aterials.

Despite the fact that the preparation of MCM-41 was described in a patent by Chiola et
al. in 197 159 the properties o f this unique material remained unknown to the science
community for over two decades.

The original M41S family o f mesoporous silica

molecular sieves was synthesized by combination of an inorganic silica-based precursor,
an organic surfactant, a source o f base and water. The very first silica-based mesoporous

material (MCM-41) with uniform pore size and high surface area was prepared by a novel
liquid crystal templating (LCT) approach.17 Liquid crystal templating relies on Columbic
attraction between anionic inorganic precursor (I') and cationic organic surfactant (S+).
Negatively charged silica species readily condense and polymerize on the positively
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charged surface o f organic surfactant to yield a highly-ordered liquid crystal structure.
Subsequent template removal by calcination leads to the formation o f hollow pores.
There are two possible mechanisms o f mesoporous silica material formation that were
originally proposed17,18: i) the liquid crystal phase forms spontaneously prior to the
addition o f the inorganic precursor and ii) the inorganic precursor triggers the ordering of
the surfactant to the liquid crystal phase. Currently, there is more evidence for the second
pathway because the surfactant concentration in pathway (i) is well below the critical
micelle concentration required for liquid crystal formation.51
S+r approach is not the only possibility to produce ordered mesoporous materials.
Any combination that results in an attraction between the surfactant head group and the
silica source can be used. There are also reports on S"X+I' (counter-ion-mediated) and
S+X'I+ (reverse charge matching) approaches.51,60,61 O f particular interest and importance
is the S°I° approach using non-ionic systems. By adjusting the pH to 2 (isoelectronic
point of silica) it is possible to obtain noncharged silica species.

These species can

interact with neutral templates via hydrogen bonding.62 The big advantage of this route is
that the interaction with the inorganic phase is weak enough that the extraction technique
can be used in place o f calcination to produce ordered porous materials.63 Materials
synthesized by this approach are also o f particular importance because the framework
wall thickness is greater than in the case of the S+T or S+XT+ approach (1.7-3.0, 0.8-1.3,
and 1-1.2 nm respectively)64 and therefore affords a much greater thermal stability.
The mesoporous structure is extremely dependent on surfactant chain length.

The

longer the hydrophobic tail length, the greater the pore size of the mesostructure, and vice
versa. The molar ratio o f surfactant/silica plays a crucial role in the formation o f the
liquid-crystal templated M41S materials. To date, three mesostructres belonging to the
4
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M41S family are known:65 hexagonal MCM-41, cubic MCM-48 and lamellar MCM-50.
The formation o f hexagonally packed MCM-41 was observed at surfactant/silica ratio =
0.6, the ratio = 1.0 produces cubic MCM-48 materials.

Surfactant/silica ratios much

larger than 1.0 afford the lamellar MCM-50 mesophase. However, the lamellar phase is
i>7 m

unstable to template removal at elevated temperature calcination. ’

1.4. Non Silica Based M esoporous Materials.
1.4.1. M esoporous Transition M etal Oxides: Synthesis and Properties.

After the invention o f MCM-41 materials, it was anticipated that it should be possible
to create mesoporous structures with compositions other than silica via a similar
surfactant templating route. However, alkoxide precursors other than silica sources are
usually much more reactive, which makes templating process less controllable.

In

addition, oxide precursors tend to exist in the crystallized rather than the amorphous form.
Crystallization o f a mesostructure can result in a major restructuring process in the walls
of the material leading to destruction of the mesostructure. Most amorphous transition
metal oxides begin to crystallize at higher temperature.

Since the surfactant in a

mesostructure is removed by calcination, this would make it difficult to remove the
template from a transition metal oxide-based mesostructure without also destroying the
structure.
The pioneering study of non-silica based materials by Huo et al.66 in 1994 led to the
isolation o f novel metal oxide mesostructured composites, including tungsten oxide,
antimony oxide,

lead oxide and iron oxide.60,66’67

However, because o f the

thermodynamics o f many o f these systems, lamellar structures instead o f mesoporous
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materials were obtained.

The successfully synthesized hexagonally packed materials,

made from tungsten oxide polyanions, did not retain their mesostructure on calcination to
remove the template.

This was because the walls consisted o f discrete tungsten oxo

clusters which had not condensed together into a uniform structure
The first successful synthesis of a mesoporous non-silica based molecular sieve with
structures similar to those of MCM-41 was reported by Antonelli and Ying28 in 1995.
This first stable hexagonally packed mesostructured material was obtained by using
titanium isopropoxide (I) and a phosphate surfactant (S) via a modified sol-gel approach.
Designated as Ti-TMS this material was partially stable to calcinations and yielded a
material with narrow pore size distribution and surface area regime o f 200 m2/g. The use
of acetylacetone in this approach is a key feature, since acetylacetone slows down
hydrolysis o f highly reactive titanium alkoxide long enough to allow the inorganic
precursor to react with the organic surfactant head group and produce a stable
mesostructure.
Further advances by Antonelli and Ying led to the development o f the ligand-assisted
templating (LAT) method30,68,69 schematically presented in Scheme 1.

This method

utilizes direct ligation o f the surfactant head group to the metal alkoxide in the absence of
solvent (water) to yield a metal-ligated complex, thus establishing the required interaction
between the organic and inorganic phases prior to rapid hydrolysis and condensation.
This approach allowed the synthesis o f the first stable transition metal oxide
mesostructure by ligation of Nb (V) ethoxide with an amine surfactant.30 After acid
treatment to remove the template, the resulting mesostructure posseses surface areas o f up
to 900 m2/g and remarkable thermal stability up to 400°C. An amine surfactant was used
because o f the strong affinity for Nb-N bond formation. Treatment o f this amine-niobium
6
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ethoxide complex lead to the surfactant self-assembly (Scheme 1). Another important
aspect o f the LAT method is that the ligand-metal bond is easy to cleave by acid,
avoiding calcinations which could damage the mesostructure. Subsequent advances using
the LAT method allowed synthesis o f mesoporous tantalum and titanium oxides with a
distinct hexagonal X-ray diffraction pattern, high surface area and narrow pore
distribution.68

Ligatioi

H ydrolysis

Nb(OEt), + C uH lNH,

Scheme 1. Schematic representation of LAT method with niobium ethoxide as a precursor.

The successful synthesis o f these highly ordered transition metal oxide based
mesoporous materials with surface areas ten times greater than ever seen for analogous
amorphous oxide was a great achievement in the field of nanoporous materials. Shortly
after this breakthrough the successful synthesis o f mesoporous zirconium oxide,
vanadium oxide, yttrium oxide, molybdenum oxide, and semiconducting manganese
oxide were reported.70'76 More recently, Ozin et al. reported the synthesis o f mesoporous
yttrium-doped zirconium oxide materials with high ionic conductivity for fuel-cell
applications.77 Among all of these oxides, mesoporous titanium oxide received probably

7
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most o f attention because o f its potential application in solar cells,78’79 electrochromic
devices80 and in Li batteries.81
It should be noted that similar to silicate materials, the structure o f transition metal
mesoporous oxides is dependent on the specific S/I ratio.

Sample X-ray diffraction

patterns for the mesoporous niobium oxides obtained by using different S/I ratios are
summarized in Table 1.

Table 1. X-ray diffraction pattern of mesoporous niobium oxide at various S/I ratios.

X -ray Diffraction P attern

S/I ratio

Hexagonal

0.75/1.0

Cubic

1.0/1.0

Layered/Lamel lar

1.25/1

1.4.2. O th er M esoporous M aterials: Synthesis and Properties.

Metal sulfides

Because o f their anticipated electronic and optical properties, as well as their expected
affinities for heavy metals, the synthesis and investigation of mesostructured sulfides has
received a great deal of attention. Stupp et al. used a liquid crystal approach to prepare
various mesostructured metal sulfides.82

This method involves passing H2 S over a

hexagonal mesophase containing CigH35 (OCH2CH 2 )ioOH, water and a Cd2+ salt.

A

nanocrystalline, highly-ordered mesoporous cadmium sulfide was thus produced. This
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method was subsequently extended produce to a mesostructured zinc sulfide material.

0*5

Further advances in metal sulfide fabrication afforded mesostructured germanium sulfide
materials using [Ge4 Sio]4' as a precursor via both aqueous84'86 and non-aqueous routes.58
In 2001 Kanatzidis et al. reported the synthesis o f new [SnSe4 ]4' ion based class o f
mesostructured selenides.87

These materials were produced by spatially controlled

assembly of ions with various divalent metals such as Mn2+, Fe2+, Co2+, Zn2+, Cd2+ and
Hg2+. All the materials possessed a hexagonally ordered mesostructure similar to that of
MCM-41 except the Zn analogue, which adopted a cubic structure similar to that of
MCM-48. However, it was found that the phase o f Zn materials is sensitive to the S/I
ratio and when the concentration o f the surfactant was reduced by 50%, a hexagonally
ordered mesostructure was produced. Because o f the well defined wall structure o f these
materials very interesting optical and electronic properties are anticipated.

AIPO4 and Silicon Nitrides

Because o f similarities between zeolites and aluminum phosphates (ALPOs) there
have been many attempts to synthesize MCM-41 analogues o f ALPO materials. In most
cases unstable materials with a pore structure different from MCM-41 were obtained.88,89
However, in 1999 Kuroda et al. reported a well-ordered hexagonal AIPO material.90
Because the NH unit in imides and amines is isoelectronic to oxygen, it should be
possible to produce mesostructured silicon nitride via a sol-gel approach similar to that
used for silica.

There have been attempts to prepare these compounds with silicon

amines, ammonia, and non-aqueous solvents and surfactants.91

9
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Mesostructured metals

Because o f the relevance o f zero-valent transition metals in many areas o f catalysis
the fabrication o f nanostructured materials with controlled porosity is o f special interest.
In 1997 Attard et al. reported the synthesis o f hexagonally ordered mesoporous platinum
via liquid crystal templating.92 In a subsequent paper, this technique was extended to the
synthesis of thin films,93 however, the products possessed very low surface areas,
comparable to those o f pure colloidal Pt. Further advance in fabrication o f mesoporous
metals afforded to synthesis Ru/Pt via the same approach.94 Because mesostructured
metals are granular and offer high surface areas (up to 1500 cm2/g), uniform pore
diameters ranging from 1.7-15 nm and large particle sizes (> 100 pm), it is anticipated
that they will find numerous applications in catalytic hydrogenation, automotive emission
control and fuel-cell design.

1.5. M odification Chem istry o f M esoporous Transition Metal Oxides.
1.5.1 New Fam ily o f Alkali Reduced M esoporous Nb, Ti, and Ta oxides.

The great advantage of mesoporous transition metal oxides over the traditional silicabased materials that mesoporous transition metal oxides are capable o f existing in various
oxidation states, leading to fine tuning for electromagnetic, catalytic and optical
applications. One such example was reported by Tian et al. for manganese oxide with
mixed oxidation states (3+/4+) which possess semiconducting properties and showed
remarkable catalytic activity in the oxidation o f alkanes.76

10
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The manipulation o f mesoporous materials by encapsulation o f organic and inorganic
species within the host lattice framework could potentially lead to new composites
possessing properties that are not observed in either pure phase. Recent advances in our
group showed that mesoporous titanium, niobium and tantalum oxides can act as
stoichiometric electron acceptors for various electron-donating species.

In 2000

Vettraino et al. reported the reduction of mesoporous niobium oxide with 0.2 - 1.0
equivalents of Na-naphthalene in THF to produce a series o f new gray to black
composites.95 These reduced materials showed full retention o f the mesostructure as
determined by X-ray powder diffraction (XRD) and nitrogen adsorption/desorption
techniques. Systematic XPS studies on these materials showed that the Nb 3d 5/2, 3/2
emission shifts monotonically to a lower binding energy with a decrease in the average
oxidation state of the niobium from (V) to (IV) as the Na loading level increases. The
observed lack o f individual peaks for Nb (IV) and Nb (V) species is possibly due to fast
electron hopping between two adjacent niobium sites relative to the XPS time scale. This
work was then expanded to include all alkali metal reduced mesoporous niobium,
titanium and tantalum.81 The order of stability o f the mesostructure upon reduction with
alkali metal established from the XRD data was found to be Ti < Nb < Ta.

This

observation is consistent with thermal stability o f these mesostructures. The band gaps as
calculated from UV-vis spectra varied from 3.3-4.0 eV and the closest distance from
impurity band formed by overlapping o f rid transition metal orbital and ms orbital of the
alkali metal, to the conduction band was 2.1 eV.

Room temperature conductivity

measurements o f these composites showed that all niobium and tantalum materials were
insulating with conductivity values below 10'7 ohm'1*cm‘1.

Surprisingly, the Li/Ti

materials displayed conductivity values up to 10'6 o h m '^cm '1. The insulating nature of
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the niobium and tantalum composites was attributed to Anderson localization, while the
high conductivity o f Li/Ti material was attributed to an Anderson transition (Scheme 2),
the very same phenomena studied in Na doped NaxW 0 3 . 96 The superconducting quantum
interference device (SQUID) magnetometry measurements o f these materials revealed
their paramagnetic behavior and the presence o f a free electron in this system was
confirmed by electron paramagnetic resonance (EPR).

To understand better the

electrochemistry of niobium, tantalum and titanium oxides, a series of cyclic
voltammograms (CVs) were employed. The niobium and tantalum materials showed a
high level o f capacitance suggesting their application as supercapacitors. The CV run for
the titanium material produced two clear peaks at 0.8 and 1.4 eV indicating reversible
reduction/ oxidation o f the framework, thus giving an idea o f its potential application in
Li batteries and fuel cell fabrication. The difference in behavior o f the niobium, tantalum
and titanium materials was attributed to a charge mobility problem arising from greater
electron localization in case o f the niobium and tantalum materials than in the titanium
material. This suggestion is consistent with conductivity measurements o f the reduced
niobium, tantalum and titanium materials.

12
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M «d-A ms
impurity band

N(E)

Scheme 2. Graphic illustration o f energy level diagram o f alkali A (A = Li, K, Na, Rb) reduced MTMS1 (M = Ta, Nb, Ti). The electron resides in an ms (alkali metal) - nd (transition metal) impurity
band between the valence and conduction bands of the mesostructure. E F denotes the Fermi level
while Em represents the mobility edge. Black areas are filled with electrons while the area marked by
grid lines represents a region of localized states extending down into the black filled levels of the
impurity band.

1.5.2. Superparam agnetism in the M esoporous Niobium Oxide/Cobaltocene and
Nickeltocene Systems.

Cobalt is known for its ability to influence magnetic properties o f mixed alloy systems
and

showed

strong

ferromagnetic,97 superconducting98 and

superparamagnetic"

properties. The early attempts to intercalate cobaltocene into layered materials such as
sulfides and selenides, which can also act as electron acceptors, proved to be
successful.100 On this basis we anticipated to observe unusual magnetic properties upon
impregnation o f cobaltocene into mesoporous niobium, titanium and tantalum oxides.
Recent studies in our group showed that mesoporous niobium oxide readily reacts with
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cobaltocene to give new dark gray solid which exhibits a sudden transition in magnetic
properties on increase o f cobaltocene loading from paramagnetic to superparamagnetic at
critical molar ratio Co/Nb o f 0.5/1.101,102 These results are very interesting since such
behavior is normally observed only in the nanometer-sized colloid grains of transition
metals and their compounds. The materials were characterized by XPS, indicating that
Nb (V) was slightly reduced to Nb (IV).

XPS emissions for cobaltocene and

cobaltocenium were also presented. The presence o f neutral cobaltocene species in the
structure after reaching the maximum level o f cobaltocenium was attributed to a strong
host-guest interaction. To understand which factors contribute to the superparagnetism in
this material a systematic study of the variation o f pore size, wall thickness and
composition was conducted.102 The wall thickness and pore sizes were varied from 15-20

A and 23-33 A respectively.

In addition, mesoporous tantalum and titanium cobaltocene

composites were also synthesized. The pore size and wall thickness seemed to have no
effect on the magnetic properties of these materials.

In contrast to the mesoporous

niobium composites, mesoporous tantalum and titanium materials showed paramagnetic
behavior and a much lower level of absorbed organometallic.

This is not surprising

because mesoporous titanium and tantalum are more difficult to reduce.

From these

results, it is evident that the host material must be reactive enough toward reduction by a
guest species in order to absorb enough cobaltocene to initiate superparamagnetic
behavior. Once the critical absorption level is reached the material undergoes a transition

to superparamagnetic behavior due to an increased density of unpaired electrons in the
pore channels.
In order to gauge the effect of the overall spin of the guest species on the magnetic
behavior o f these composites, nickeltocene, which has two unpaired electrons per Ni
14
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center, was introduced into the mesoporous niobium host.103 Similar to the cobaltocene
composites,

these

materials

revealed

a

loading

dependent

transition

from

superparamagnetic to spin-glass behavior, which is normally associated with amorphous
metal alloys in which the spins become “frozen” in a random orientation below a certain
temperature.

From XPS data analysis it was found that the loading level of

organometallic species in case o f the nickeltocene was much lower than in the case of the
cobaltocene composites.

This was rationalized by the greater number o f unpaired

electrons in nickeltocene composites.

1.5.3. Pseudo I D Organometallic M olecular W ires in M esoporous Niobium Oxide.

The quest for applications of mesoporous materials in small-scale smart electronic
devices began shortly after the discovery o f ordered M41S silica based materials and is
still ongoing.

In 1994 Bein and Wu reported the synthesis of conductive polyaniline

wires by polymerization o f monomeric aniline units inside the channels using a copper
catalyst.104 The discovery o f periodically structured mesoporous transition metal oxides
which act as electron acceptors led to a further expansion o f host-guest inclusion
chemistry.
A new family o f one-dimensional conducting molecular nanowires synthesized by
impregnation o f transition metal sandwich complexes such as Cp2Cr, Cp2V, (CgH6)2Cr
and (CgH6)2V into mesoporous niobium oxide was recently reported by our group.105' 108
Similar to alkali reduced composites, the mesostructure o f these intercalates was
completely preserved as evident from XRD and nitrogen adsorption/desorption studies.
In contrast with the niobium-cobaltocene composites, which are insulating in nature, the
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electron transport measurements o f these organometallic intercalates yielded materials
with conductivity values as high as Kf4 ohm '1"'em'1. A series o f additional experiments
(XPS, EPR, NMR) suggested that conductivity in these systems arises only from the
presence o f a mixed oxidation state organometallic phase, such as (C 6 H 6 )2 Cr/(C 6 H 6 )2 Cr+,
in the pores o f an insulating mesoporous niobium oxide phase.

The conductivity

mechanism in the vanadium and chromium-based composites was explained by a model
where the hole in the mixed oxidation phase, arising from partial oxidation o f the
organometallic species by the mesostructure, is the charge carrier, since in all cases the
presence o f both: cationic and neutral species were required for conductivity,105,106 and
the reduced mesostructure was shown previously to be insulating.81
In order to understand better the nature of electron mobility o f organometallic
composites, a systematic study o f Cp 2 V and Cp2 Cr intercalates using XPS, EPR and UVvis spectroscopy was performed.107 The Mott-Hubbard model, describing conductivity
and electron localization in solids, was applied to rationalize the results. The estimated
values o f W-U (W - bandwidth, U - Hubbard potential) for the vanadium and chromium
systems provided values o f 1.38 and 2.32 eV with conductivities o f 10"5 ohm'1*cm‘1 and
10‘6 ohm"1♦cm"1, respectively, as compared with W ~ U = 0.05 eV in the cobaltocene
system, which is insulating. The trend in conductivity from vanadium and chromium to
cobalt and nickel is found to fit well into Hubbard model. It also was found that in all
these materials, the electronic properties depend on the electronic configuration, mixed

oxidation state o f dopants and the loading level o f organometallic.108
Because lanthanide elements possess many unusual magnetic and optical absorption
properties due to the large number of unpaired electrons in the core o f the / shell96
mesoporous niobium oxide was reduced by decamethylsamarocene, and the effect of the
16
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lanthanide species in the pores on the magnetic properties of composite was studied.109
This

material

displayed

semiconducting

behavior

and

SQUID

magnetometry

measurements revealed its paramagnetic nature with some evidence o f spin-glass
behavior.

Superparamagnetism was also observed at temperature below 40K. This is

unusual, since no phase of samarium or niobium oxide had ever shown this property.

1.6. Buckm inisterfullerene General Overview.

The discovery o f C6o,110,111 then metallic conductivity112 and superconductivity in
alkali metal-doped C6o113’119 produced an enormous interest to this highly symmetric
molecule and its derivatives. C6o has a well known truncated icosahedron or “soccer ball”
shape with 60 equivalent carbon atoms arranged as 12 pentagons and 20 hexagons on the
surface o f a sphere o f radius 3.56 A. In the pure solid it has face-centered cubic (fee)
packing with a = 14.17 A, r(Ceo - C6o) = 10 A and each carbon atom is sp2 hybridized.
The electronic structure o f the molecule plays a crucial role in determining the properties
of its derivatives.

ea c j*'-------------------- 0.6 evj- “ 3 * - Et(c*r
E,{Cai)

1L4L4L4L4L
TF t t I t I t IT

Scheme 3. Schematic representation of a) C60 molecule, b) orbital levels of C60 molecule.
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The lowest unoccupied molecular orbitals (LUMO) o f C6o are almost non-bonding in
nature and triply degenerate with tiu symmetry. The t ]g “LUMO+1” level is also
chemically accessible, with a possible anion charge o f up to 12'. The highest occupied
molecular orbital (HOMO) are five-fold degenerate and generally is too low in energy to
be chemically accessible.

1.7. Alkali, Alkali Earth and Rare Earth Fullerides: Overview o f Electronic and
Magnetic Properties.
1.7.1. Alkali Fullerides A 3 C 60.

The empty t ]u orbitals o f C60 are potent electron acceptors and able to accommodate up
to six electrons, therefore, various compounds AxCeo (1 < x < 6) can be synthesized by
impregnation of C 60 with alkali metals. The most interesting among these alkali fullerides
are the A 3 C 60 fullerides.

The A 3 C6o alkali metal fullerides are formed by complete

occupancy o f octahedral and tetrahedral interstitial sites o f fe e

C^o and A+.

Superconductivity was observed at temperature o f up to 33 K in Cs2 RbC 6o under ambient
pressure.116

Such high transition temperatures have produced a great interest in

understanding the mechanism and theory behind this phenomenon. To date, the BCS
(Bardeen, Cooper, Schreiffer) model provides the best fit between theory and experiment.
The essence o f BCS theory is that the superconductivity arises from pairing o f electrons
by their interaction with lattice vibrations. The transition temperature Tc is determined by
the photon frequency co, the density of states near Fermi level N(Ej) and lattice parameter
V.
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k BTc = hcoex p

-1
VN{Ef ) j

This theory was found to be in good agreement with experimental data on A 3C 6 0 120’121
where the increment o f lattice parameter and therefore the density o f states near the Fermi
level leads to higher transition temperatures. The increment in Tc value can be explained
by a decrease in overlap between alkali metal and C 60 as the metal radius increases. This
in turn, produces a narrow bandwidth with a higher density of states near the Fermi level.
Fleming et al.122 confirmed by calculations that the increase o f Tc is accompanied by an
increment in the density o f states at the Fermi level by roughly 10%. The relationship
between Tc and V is shown in Figure 1.

Rb
28

O
24

20

14.25

14.30

14.35

14.40

Lattice param eter a

14.45

14.50

(A)

Figure 1. Relationship between Tc and lattice parameter for the series o f alkali fullerides A„C6oFilled circles denoting calculated Tc, while blank circles denoting experimental value of Tc.
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However, as was found for CS3 C6 0 , a simple expansion o f the lattice parameter will not
produce a higher Tc.x23 CS3 C60 is not isostructural with Cs2 RbC 6o and other fe e phases
with a high Tc, rather it adopts a mixed structure o f body-centered cubic (bee) and bodycentered tetragonal (bet) phases.

Thus, in order to maintain superconductivity, it is

apparent that cubic symmetry must also be preserved. Further advance by Rosseinsky et
al. proved the necessity of this condition.124,125
In all fullerides o f anion charge 3', the LUMO tiu is half filled and metallic behavior
observed experimentally.113' 119 Such behavior is consistent with simple band theory,
however, in accordance with the Mott-Hubbard theory,126 the half-filled band should
produce an insulator (Scheme 4).
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Scheme 4.

1

b)

©

Schematic representation of the effect of electron repulsion in a chain o f weakly

interacting atoms: a) ground state with one electron localized in each atomic orbital, b) moving an
electron involves extra electron repulsion because of the doubly-occupied orbital.

The onsite interelectron repulsion U, defined as the difference between the ionization
energy (I) and the electron affinity (A), acts to oppose the tendency o f the electrons to
delocalize due to the extra electron repulsion term. This effect makes the half-filled band
insulating when U > W, where W is the band width (Scheme 5). The estimated ratio of
U/W for K 3 C 60 is calculated between 1.25 and 2.6, and has even higher values for Rb 3 C6 o
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and RbCs2 C6 o- 127 In accordance with the Hubbard model, the critical ratio of U/W to
produce an insulator is between 1.0 and 1.5, thus placing K 3 C 60 into the Mott-Hubbard
insulator category.128 It is widely believed that A 3 C60 materials contain oxidation state
defects and are best viewed as hole-doped Mott-Hubbard insulators,129 although this has
been difficult to prove by any means of characterization. Therefore, the origin o f metallic
behavior in alkali fullerides o f 3' anionic charge remains an area o f much debate.110,129’130

-A
U—

W-U

Scheme 5. Graphic illustration of Hubbard sub-bands, as a function o f bandwidth, W. At W=0 the
energies are just those of adding an electron (electron affinity A ) and removing an electron
(ionization energy I). The overlap of sub-bands occurs when W > U.

Other alkali fullerides with an anionic charge different from that o f 3' have also been
studied131 (Figure 2), but these did not produce as high Tc values as A 3 C60 fullerides.
Therefore, the charge o f the fulleride is extremely important in giving rise to
superconductivity.
As mentioned earlier, Ceo has LUMO+1 orbitals with tig symmetry which also have a
great ability to accept electrons. Recent synthesis of A3Ba3C6o (A = K, Rb, Cs) with a
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formal C^o9' charge and half-filling o f the tig band allowed insight on the similarity
between tiu3 and tig3 bands to be established.132 It was found that these composites adopt
a cation disordered structure similar to the bcc phase. The half-filled tig band, indeed,
produces superconductivity with Tc values up to 5.6 K for K^BasCeo- However, in contrast
with A3 C 60 composites, the expansion of the lattice parameter via insertion o f larger
cations reduces the Tc down to 2 K for Rb 3Ba 3 C6 o, which was attributed to broader bands
due to the orbital mixing induced by the larger lattice constant.

K3C60
T.

=11.6 K

Tc"“x=19 K

K^BaAo 0<x<0.4
s
E „ 0.6

Na2CsxC6Q
0<x<1

MBa,C
2 w 60
M*K,Rb,Cs

^ 0 .4

2.0

2.5

3.0

3.5

MBaCsC,60\
I

4.0

4.5

5.0

Carrier Concentration

Figure 2. Plot of T/TV”* versus carrier concentration, «, in the tju band for A3C 60 composites. Tc is
scaled using the Tc for the end members Na2CsC60 and K3C60.

1.7.2. Alkali Earth and Rare Earth fullerides.

In 1992, Kortan et a /.133 reported that in the case o f calcium, the C60 cluster also forms
an fe e lattice as in A 3 C6 0 , to produce CasC6o, a superconducting phase with Tc - 8.4 K. In
CasCeo, the tig orbital o f the C60 molecule hybridizes with the Ca 4s orbital to form a
conduction band.134 Further expansion o f the intercalation chemistry o f alkali earth
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metals produced Ba6C60 and Sr6C60, both with a bee structure and a significant dispersion
of hybridized bands. These materials possessed transition temperatures o f 7 and 4 K,
respectively.135,136
Rare-earth metals have also been intercalated into the C 60 matrix; however, until
recently137 only one phase, R2 .75 C60 (R = Yb, Sm), was known.138,139 Ozdas et al.
discovered that Yb 2 .75 C6o exhibits superconductivity below 6 K .138

The proposed

structural model implies that ytterbium cations occupy off-centred interstitial sites in the
fee C60 lattice and leave one o f eight tetrahedral sites vacant, which ultimately leads to a
doubling o f the unit cell in each direction, providing a total o f eight such vacancies.
These cation-vacancy sites exhibit long-range ordering, generating a superstructure which
seems to be stabilized by a short-order interaction between charge deficient single bonds
in C60 and exclusively divalent cations. Photoemission studies on Yb-C6o film samples
suggested possible mixed-valent character (both

Yb2+ and

Yb3+) with Yb2 C6o

stoichiometry.140,141 The physical origin o f this strikingly different ordering is not due to
cation size, since the ionic radii of Yb2+ and Na+ are nearly identical, but arises from a
strong short-range, directional interaction involving a divalent Yb cation.138 In the same
year Chen et al. performed the intercalation o f C60 molecules into Sm metal to yield a
sample with a nominal composition o f Sm3C6o and Tc = 8 K .139 The X-ray powder pattern
of SnTjCeo is very similar to that of Yb2 .7 sC6o and shows the same cation-vacancy ordering
leading to a superstructure, making Sm3C 6 o isostructural to Yb2.75 C60, not fee A 3C 6 0 . In

this fee based subcell, samarium cations occupy all four octahedral interstitial sites, but
only seven o f the eight tetrahedral sites.139 The Tc found for Sm 3 C 6o is 2 K higher than in
the case o f Yb2.7sC6o and the lattice parameter is also larger than in the case of Yb2 .7 sC6oIt is well known that the ionic radius o f the metal defines the lattice parameter of
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intercalated C6o composites. However, the ionic radius o f Sm3+ is smaller than that of
Yb2+, while the ionic radius o f Sm2+ is larger than Yb2+. Thus, the larger lattice parameter
of Sm3C6o as compared to Yb 3C6o suggests the presence of Sm2+. Moreover, some
theoretical calculations showed that the RxCeo (R - rare-earth metal) with R2+ are more
stable than R3+.140 This all suggests that Sm fulleride is divalent, and the superconducting
phase is actually Sm 2 7 sC6o. This behavior is similar to that o f alkali fullerides A 3 C 60 ,
where Tc also increases as the lattice parameter increases, and emphasizes that the
increase o f N(Ej) is a dominant factor here.
Recent advances by Chen et al. afforded the synthesis of Sm6C6o with bcc structure
and a transition temperature Tc ~ 4.2 K.137 A similarity in the Raman spectra between
Sm6C6o and BagCeo was noted, suggesting that Sm in this composite is divalent and
hybridization between the C 60 molecule and the Sm atom is responsible for the metallic
behavior.
The above described diversities in the structures o f C 60 intercalated superconductors
promise a high likelihood of future discoveries of new fulleride superconductors.

1.8. Intercalation Chemistry o f Alkali Fulleride K 3 C 60 into Mesoporous Nb, Ti and
Ta Hosts: Electronic and Magnetic Properties.

The exploration o f periodic nanostructured composite materials is one of the most
active areas o f modem materials science.17,66,142' 149 Composite materials with repeating
structural motifs on the nanoscale level often show dramatically different properties than
their bulk equivalents, because two or more interwoven phases can cooperate on the
nanoscale level to give a whole that has properties possessed by neither pure phase alone.
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Mesoporous materials are important in the synthesis o f such nanostructured composites
because the regular pore structure can serve as a support for conductive and magnetic
materials.104,150' 152 The big advantage o f mesoporous transition metal oxides over their
silica analogues is the ability o f the walls of mesostructure to exist in variable oxidation
states. Earlier investigations in our group demonstrated that mesoporous Nb, Ta, and Ti
oxides can act as stoichiometric electron acceptors,81,95 a property similar to that exhibited
by many layered inorganic compounds.82'87
Advances in our group showed that the encapsulation of superconductor K 3 C60 into
mesoporous transition metal oxides (Nb, Ti, Ta) lead to unusual electronic and magnetic
properties within the confined structure, which are not observed in the bulk state.153' 156
These results are not unexpected as a dramatic change in electronic and magnetic
properties occurs as the grain size o f a material approaches the nanometer dimension.
The role o f oxidation state in metallic and superconducting behavior o f alkali fulleride
is still an area o f much debate.110,129,130

However, it is widely accepted that

superconductivity in alkali fullerides A 3 C60 (A = K, Rb, Cs) arise from structural defects
and the actual composition is slightly different from the nominal A 3 C60 composition.129 It
is extremely difficult to achieve non-integer oxidation states in C 60 and previously was
reported only for the lithium salt.141 The unique feature of the K 3 C6 o/mesoporous Nb
system is that the oxidation state o f the fulleride, and thus its electronic properties, can be
easily tuned by reduction with predetermined amount o f potassium naphthalene.
Impregnation o f superconducting K 3 C60 into mesoporous niobium oxide allowed us to
synthesize a new family o f one-dimensional molecular wires in the pores and investigate
their electronic and magnetic properties.153,154 The pore size o f mesoporous niobium
oxide used in this study was 23 A, which is almost perfect to fit one unit cell of K3 C60 (ca.
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14 A). The reaction between mesoporous niobium oxide pretreated with trimethylsilyl
and K 3 C60 in tetrahydrofuran (THF) yields a material with alkali fulleride inside the pores
in an oxidation state o f n = 0.5 (parent material) as judged by Raman spectroscopy. It is
well known that for fulleride salts o f the type AnC6o (A = K, Rb, Cs) the Ag mode shifts
roughly 6 cm '1 for every integer increment in the value o f w.157,158 The reduction of the
niobium mesostructure by fulleride was monitored by XPS spectroscopy and revealed a
partial reduction equal to that of pure mesoporous niobium oxide reduced with 0.4
equivalents of potassium naphthalene.

The room temperature conductivity o f this

material provided values o f up to 1.25*1 O'3 o h m '^cm '1, which is 10,000 times greater
than that observed for the potassium reduced, fulleride free, samples o f mesoporous
niobium oxide.95 In order to account for possible contributions from surface conductivity
pathways, a sample o f amorphous niobium oxide with K 3 C60 was prepared in a similar
manner. The XPS measurements indicated partial reduction o f the surface by K 3 C60 , but
the conductivity of this was well below 10'7 ohm '^cm "1.

This suggests that the

conductivity pathway in this material is through the fulleride units occluded in the
channels, rather than through the niobium oxide walls o f the structure, and the fulleride
units are acting as a one-dimensional molecular wire.

Since room temperature

conductivity provides limited information on a material’s transport properties, variable
temperature conductivity measurements were also performed on this series of
materials.156 These studies revealed that some materials behave as semiconductors with a
transition to an insulating state below 210 K.

The presence o f metal-insulator or

semiconductor-insulator transition in one-dimensional materials is normally attributed to
a Peirls distortion (Scheme 6) in which electrons become localized in traps due to charge
density waves.96 When the parent material was reduced back to the n = 3.0 oxidation
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7

1

1

state, the room temperature conductivity o f this composite was lower that 1O' ohm' *cm'
and no further reduction o f the mesostructure was observed. This composite proved to be
too insulating to perform variable temperature resistivity measurements. Such results are
quite surprising, but not unexpected, since K 3 C 60 , in accordance with the Mott-Hubbard
model, should be an insulator with a half-filled tiu band,126 but showed metallic behavior
possibly due to accidental vacancies in its structure.129

^

^

®-e-Q»o 0 0 *0 - 0

Scheme 6.

^

a)

©o

Schematic representation of periodic lattice distortion in one-dimensional solids: a)

Periodic lattice distortion, showing modulation of regular chain spacing, b) Charge density wave:
shaded area shows build-up of electron density in the more strongly bonding region.

In order to probe into the dependence of conductivity on the oxidation state o f the
fulleride inside pores a series o f new composites with oxidation states up to n = 4.5 were
synthesized from the parent material by its gradual titration with potassium naphthalene.
The XPS measurements showed that most of the reductant was used to transfer electrons
to the fulleride phase and not to mesoporous Nb oxide walls.

Surprisingly, two

conductivity maximum at n = 2.6 and n = 4.1 with values of 10"4 and 10'1 ohm'1"’em '1,
respectively, were observed in these composites.155

The maximum at n = 2.6 is

unexpected on the basis of conductivity patterns in pure alkali fullerides,129 but could be
indirectly related to metallic behavior in pure K.3 C6o.

The maximum at n = 4.1 is

particularly intriguing as K4 C60 has a calculated density o f states at the Fermi level close
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to that o f K 3 C6 0 , and according to most models should be metallic due to its 2/3 filled tiu
band,117 yet no superconductivity was reported for K4 C 60

Variable temperature

conductivity measurements indicated that n = 2.6 composite behaves similarly to the
parent material, while the n = 4.1 material displayed metallic behavior.156 The nature of
the conductivity maximum at n = 4.1 was explained by an increase in cooperation
between the walls of mesostructure and t]u band o f the fulleride and consistent with an
observed increase in density of states near the Fermi level in the XPS.

In order to

understand better the unusual properties of this new family o f composite materials the
effect of pore size and wall composition were also studied.156

The pore size was

expanded from 27 to 32 A, sufficient to accommodate up to two fulleride units, while
mesoporous titanium and tantalum hosts were used in place Nb. It was found that, in
general, the change o f host produce very little effect with a small difference in the
position of the double maximum; however, this difference was too subtle to draw any
definitive conclusions.

The expansion of pore size made it easier to wash out the

fulleride. However, the change in pore size seemed to have no effect, suggesting that a
much more dramatic change in pore size may be required to affect the electronic
properties of the fulleride composites.

SQUID magnetometry measurements revealed

that all composites in this study were paramagnetic with no sign o f a transition to
superparamagnetic behavior at lower temperatures.
In order to make a more direct comparison between our mesoporous composites and

the bulk materials, and elucidate the role of oxidation state of fulleride on conductivity,
further information about the coordination geometry of the fulleride units and possible
conductivity pathways is required. Therefore this dissertation is devoted to the synthesis
and systematic study of electronic and magnetic properties of new mesoporous Ta oxide
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with Na, Li and Rb fulleride intercalates. In these studies mesoporous Ta oxide was used
in place o f Nb because o f its greater thermal stability and ability to resist reduction and
reoxidation without any loss of structure.81
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Chapter 2:

Structural and Spectroscopic Studies on Mesoporous Ta

Oxide Na Fulleride Composites with Conducting Fulleride Columns in
the Pores.

As was mentioned earlier, the reducible nature o f the transition metal oxide
mesostructure allowed us to synthesize a new family o f K 3 C 60 mesoporous Nb, Ta, and Ti
oxide composites with one-dimensional molecular wires in the pores. This is particularly
important because a wide range o f electron- and hole-doped fullerenes have displayed
metallic and superconducting properties. The origin o f metallic behavior in fullerides of
the type AnC6o (n = 3.0, A = K, Rb, Cs) is still an area o f much debate, as calculations
show that the n = 3.0 phase in the fe e structural class should be a Mott-Hubbard insulator.
Mesoporous K 3C 60 composites previously synthesized by our group displayed high
conductivity at n = 2.5 and n ~ 4.0, fulleride oxidation states that are normally insulating.
Moreover, variable temperature conductivity revealed that the n = 2.5 is semiconductor,
while the n = 4.0 state is metallic. This is particularly intriguing as K4 C 60 has a calculated
density o f states at the Fermi level close to that of K 3 C 60 and according to most models
should be metallic due to its 2/3 filled tiu band, yet displayed insulating behavior in the
bulk phase. This has been explained by a lifting of the degeneracy o f the tju levels by
electron repulsion-induced Jahn-Teller distortion in the body-centered tetragonal (bet)
structure.
In this Chapter we report the synthesis and comprehensive study of electronic
properties o f new mesoporous Ta oxide Na3C6o intercalates. All composite materials
were characterized by elemental analysis, X-ray diffraction (XRD), Raman spectroscopy,
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nitrogen adsorption/desorption, X-ray electron photoelectron spectroscopy (XPS),
superconducting

quantum

interference

device

(SQUID) magnetometry, variable-

temperature electron transport measurements, and solid-state 13C and 23Na NMR
spectroscopy.

NasCeo was used in place o f K 3 C60 because o f inherent difficulties in

conducting 39K NMR experiments in the solid-state. 23Na NMR is a sensitive structural
probe able to reveal local coordination information that may make comparison between
these composites and the bulk phase more meaningful.

2.1. Experim ental section.
2.1.1. M aterials and Equipment.

All chemicals unless otherwise stated were obtained from Aldrich.
mesoporous tantalum oxide were used without further purification.

Samples o f
Trimethylsilyl

chloride was distilled over calcium hydride. In order to remove an excess of moisture
and cap OH groups on the internal surface of the tantalum oxide mesostructure, which
can interfere with the intercalation process by forming NaOH on the internal surface,
mesoporous Ta oxide was dried at 100°C overnight under vacuum and then stirred with
excess trimethylsilyl chloride in dry ether for 12 h under nitrogen.

Nitrogen

adsorption/desorption data were collected on a Micromeritics ASAP 2010.

X-ray

diffraction (XRD) patterns (CuKa) were recorded in a sealed glass capillary on a Siemens
D-500 0-20 diffractometer.

All X-ray photoelectron spectroscopy (XPS) peaks were

referenced to the Carbon C-(C, H) peak at 284.8 eV and the data were obtained using a
Physical Electronics PHI-5500 using charge neutralization.

The room temperature

resistivity measurements were recorded on a Jandel 4 point universal probe head
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combined with a Jandel resistivity unit. The equations used for calculating the resistivity
n
V
were as follows: for pellets o f < 0.1 mm thickness: p = ------ 7 * —
v logn
I j
V
For pellets o f > 0.5 mm thickness the following equation is used: p = 2n ( S ) —

where p = resistivity;

71
= sheet resistivity; V - volts; I - current; t = thickness o f the
logn

pellet; S = the spacing of the probes (0.1 cm). Variable-temperature conductivity and
magnetic measurements were conducted on a Quantum Design superconducting quantum
interference device (SQUID) magnetometer MPMS system with a 5 Tesla magnet from
4-300 K.

Four copper wires were affixed to pressed pellets o f the mesoporous

composites with THF-solvated silver paste and then coated with a layer of epoxy for
protection from the air. Raman spectra were recorded on a Renishaw Ramascope using a
Renishaw 514 nm Diode Laser System.
Solid-state 23Na and 13C NMR spectra were obtained on a Varian Infinity Plus NMR
spectrometer at 9.4 T with vo(23Na) = 105.74 MHz and vo(13C) = 100.58 MHz.
Varian/Chemagnetics 4 mm double-resonance and 4 mm triple-resonance MAS probes
(operating in double-resonance 'H-23Na or 'H -13C configurations) were used for all
experiments. Samples were ground into a fine powder under an inert atmosphere and
tightly packed into 4 mm outer diameter zirconium oxide rotors, which were sealed with
air-tight Teflon spacers. 23Na chemical shifts were referenced to a 0.1 M solution of
NaCl (8iso = 0.0 ppm). 23Na MAS NMR spectra were acquired using rotor-synchronized
Hahn-echo experiments, with and without proton decoupling (v2 = 50 kHz), with a
spinning speed o f 10 kHz (the first echo delay, vj, is set to l/vrot = 100 ps). Recycle
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delays were set from 7 to 9 seconds and between 32 and 320 scans were acquired.
Analogous Bloch decay experiments resulted in spectra with distorted baselines and loss
of signal intensity o f broad peaks in the spectrum.

Variable-temperature 23Na NMR

experiments were performed at temperatures ranging from -120 °C to +150°C.
Temperatures were measured with a thermocouple external to the sample to within 0.1 K,
with calibrations indicating an accuracy in temperature o f approximately ±1 K.
,3C NMR spectra were referenced to TMS (8jSO(13C) = 0.0 ppm) by setting the high
frequency resonance of adamantane to 38.57 ppm. Single-pulse 13C MAS NMR and 13C
CPMAS experiments108, with a 13C 90° pulse width o f 3.0 ps and 'H 90° pulse width of
3.0 ps, spinning speeds of 8 and 10 kHz, and with and without decoupling (V2 = 75 kHz),
were conducted on all samples. The number of transients collected varied from 500-968
and most experiments employed recycle delays of 8 or 9 seconds.
Analytical simulations o f the 23Na NMR spectra were performed on a Pentium III
computer using the WSOLIDS simulation package, which was developed by Dr. Klaus
Eichele in Prof. Wasylishen’s laboratory at Dalhousie University.

WSOLIDS

incorporates the space-tiling method of Alderman and co-workers for the generation of
frequency domain solid-state NMR powder patterns.159
All elemental analysis data were conducted under an inert atmosphere by Galbraith
Laboratories, 2323 Sycamore Drive, Knoxville, TN 37921-1700.

Metal analysis was

conducted by inductively coupled plasma (ICP) techniques.
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2.1.2. Synthesis

Na 3C6 o was synthesized by heating C6o and Na together in a vacuum sealed tube at
400-450°C for 16 days and characterized by XRD and Raman spectroscopy.

The

composites were synthesized as follows: an excess o f Na 3 C«) was added to a suspension
of mesoporous tantalum oxide in dry THF. The mesoporous solid immediately changed
in color from light faun to deep gray-black (Scheme 7). After several days of additional
stirring to ensure complete absorption o f the fulleride, the reduced material was collected
by suction filtration and washed several times with THF. Once synthesized, the material
was dried in vacuo at 10'3 torr on a Schlenk line until all condensable volatiles had been
removed. Further reduction o f these (parent) materials was accomplished by addition o f a
predetermined quantity (calculated on the basis o f %C in the material corrected for C due
to TMS groups) o f a stock solution of sodium naphthalene in THF to a stirred solution of
the composite in THF. After stirring overnight the material was collected by suction
filtration and washed several times with benzene until the washings were colorless. The
material was then dried in vacuo at 10' torr on a Schlenk line until all condensable
volatiles had been removed.

All materials were characterized by Raman, XPS and

elemental analysis to ensure sample quality before proceeding with SQUID, 13C and 23Na
NMR studies. Room-temperature electron transport studies were conducted in triplicate
in an inert atmosphere, allowing the system to stabilize for 30 minutes for each reading to
ensure reproducibility.
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Scheme 7. Schematic representation o f the synthesis o f sodium fulleride one-dimensional wires in
mesoporous Ta oxide.

2.2. Results and Discussion.
2.2.1. N itrogen A dsorption/Desorption and X -ray Powder Diffraction.

Mesoporous tantalum oxide possessing a BET (Brunauer, Emmett, Teller) surface area
o f 494 m2/g, an HK (Horvath-Kawazoe) pore size o f 23
single peak centered at d - 32

A was

A,

and an XRD pattern with a

treated with excess Na 3 C 6 o in THF. The material

was collected by suction filtration and dried in vacuo to give a new gray to black powder.
The BET surface area o f this material dropped to 295 m2/g while the HK pore size
decreased to 19

A.

The nitrogen adsorption/desorption isotherm was virtually the same as

the starting material except for a small hysteresis and a lower absorpion plateau (Figure
3). These data are consistent with adsorption o f the fulleride from THF solution and
occlusion o f the pores with Na 3 C 6 o. The loss o f surface area and slight decrease in pore
size on absorption o f large molecules in mesoporous transition metal oxides has been
commented on before.95,153,154 The XRD pattern for all composite materials showed very
little change from the starting material, with a single peak at d - 32
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A

(Figure 4)

indicating that the mesostructure was completely preserved upon intercalation o f Na3C6o
and its further reduction.

140

a.
iO)

120

-

100

-

CO

n

E
o

■0o)
•Q
k.

o
w
■a
«
0)

A bsorption

60 ■
40 i

E

j

3

I

O

20 !

>

D esorption

0

0.4

0.2

0.6

1

0.8

Relative Pressure (P/Po)

Figure 3. Nitrogen adsorption/desorption isotherms of mesoporous Ta oxide before (upper) and after
(lower) treatment with Na3C60.
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Figure 4. XRD spectra of a) pure mesoporous Ta oxide, b) n = 0.5, c) n = 3.0 and d) n = 4.5 materials.
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2.2.2. Raman Spectroscopy.

Raman measurements (Figure 5) conducted on our composite materials showed Ag
band at 1462 cm '1, 1447 cm'1, and 1439 cm '1 which is consistent with actual oxidation
state of Ceo units at n = 0.5, 3.0 and 4.5 respectively. It is well known that for fulleride
salts of the type AnC6o (A = K, Rb, Cs) the Ag mode shifts roughly 6 cm '1 for every
integer increment in the value of n.157,158

£
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1600
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1400

1300
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Figure 5. Raman spectra of a) n = 0.S, b) n = 3.0 and n = 4.5 materials.

The plot of Raman shift versus equivalents o f sodium naphthalene added with respect
to fullerene is shown in Figure 6.
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Figure 6. Raman shift versus quantity of Na-naphthalene added to mesoporous Ta oxide reduced
with Na-naphthalene.

This plot indicates that there is almost linear relationship between Raman shift and
oxidation state of C6o- Slight deviation from the straight line at the early stage o f the
reduction is due to partial electron transfer from NasCeo to the walls o f mesostructure.
This data is consistent with our XPS observations described below.

2.2.3. X -ray Photoelectron Spectroscopy.

The X-ray photoelectron spectrum o f the parent material (n = 0.5) is shown in Figure 7
and displays Ta 4 f 7/2, 5/2 peaks at 26.8 and 28.8 eV, indicating reduction o f the
framework by the fulleride to a state between (V) and (IV).81 The appearance of broad
peaks in this region suggests that more than one Ta species may be present in the walls of
the structure. This differs from the K 3 C60 mesoporous niobium oxide analogues, which
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display single symmetric 3/2, 5/2 emissions in the Nb 3d region, indicative o f either one
oxidation state of Nb or fast electron hopping between the different sites on the XPS time
scale.

The region near the Fermi level is shown in Figure 8 and exhibits one large

emission tailing off at 4.0 eV for the O 2p valence band. The lack o f any discemable
peak for the Ta 5d level is typical o f reduced mesoporous transition metal oxides, where
the amorphous nature o f the walls leads to a broadened distribution o f electronic states.129
These XPS data are similar to those reported for mesoporous Ta oxide composites of
lv- /~i 155
iS-3'-60-

111
Z

30

28

26

24

22

Binding Energy (eV)

Figure 7. XPS spectra o f the Ta 4 f 7/2,5/2 region for a) n = 0.5, b) n = 3.0, and c) n = 4.5 composite
materials.
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Figure 8. XPS spectra of the region near the Fermi level for a) n = 0.5, b) n = 3.0, and c) n = 4.5
composites.

The XPS spectra were also used to monitor the change, if any, in the oxidation state of
the walls o f the material on addition o f Na-naphthalene. The reduction o f the Ta in the
walls is reflected in the XPS spectrum of the Ta 4 f 7/2 and 5/2 region shown in Figure 7
for the n = 3.0 and n = 4.5 composites, which is significantly broadened and shifted to
lower binding energy as compared to that of the parent composite. This is very different
from that o f the K 3 C 60 mesoporous Nb oxide analogues, which show no shift in the
oxidation state o f the walls until a fulleride level o f oxidation o f 4.0 is reached.156 The
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valence region near the Fermi level for the n = 3.0 and n = 4.5 materials is shown in
Figure 8 and displays a broad hump for the O 2p emission tailing off at about 4.0 eV for
the n = 3.0 material, and at ca. 2.8 eV for the n = 4.5 material. The greater density of
states near the Fermi level in the n = 4.5 material suggests an increase in conductivity of
this material, as electronic transport in bulk fullerides is closely related to the density of
states near the Fermi level. This is similar to what was observed for the n ~ 4.0 potassium
fulleride composites studied previously by our group, and was attributed to a transition to
a more continuous electronic state.155,156

2.2.4. Room- and Variable- Temperature Conductivity Measurements.

Figure 9 shows a plot of the log of room temperature conductivity versus the oxidation
state of fullerene. The conductivity o f the parent intercalate is 4.6 x 10'3 ohm’1 cm '1, and
drops steadily with reduction to an insulating state at n = 3.0.

In contrast, K3 C60

intercalates o f mesoporous Nb, Ta, and Ti oxide display a drop off in conductivity with
reduction by K-naphthalene to a fulleride oxidation state o f n = 2.0, followed by a sharp
increase in conductivity at n = 2.5 before a second drop off to an insulating state at n =
3.0. The reason for the lack of a maximum between n = 2.0 and n = 3.0 is not understood,
but may be due to the different electronic properties o f Na fullerides and K fullerides. To
date there are no reports o f superconducting or metallic behavior in Na3C6oSince room-temperature conductivity only reveals a limited amount o f information,
variable-temperature conductivity studies were done for the samples with n = 4.5 and n =
0.5.

The other materials in this study were too insulating to yield reliable voltage
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readings over a broad temperature range.

Figure 10 shows a plot of the log of

conductivity versus 1/T.
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Figure 9.

Plot of log of room conductivity versus the oxidation state o f fulleride for reduced

mesoporous tantalum oxide Na3C60 composites.
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Figure 10. Plot of log of conductivity vs. 1/T for n = 0.5 and n = 4.5 samples.
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The roughly linear behavior with a negative slope is indicative of semiconducting
behavior where conductivity is related to the concentration o f charge carriers in the
conduction band. These plots are similar to those obtained for the potassium fulleride
intercalates o f mesoporous niobium oxide, except that the n = 4.5 state in the latter series
of composites is metallic. The lack o f metallic behavior is not surprising given the known
conductivity behavior of bulk sodium fullerides. No known superconducting phase of
NanC6o (2 < n < 10) has yet been reported, and Na 2 C 6o, which adopts the fluorite structure
with vacant octahedral sites and complete occupancy o f the tetrahedral sites by sodium, is
the only metallic phase in this composition range.160 However, polymeric samples o f
N a^o

are apparently metallic with a strong temperature dependent magnetic

susceptibility.161

2.2.5. E lem ental Analysis Data.

The C:Ta:Na ratios of the materials for n = 0.5, n = 3.0, and n = 4.5 are shown in Table
2. The increase in carbon loading level in composite materials when compared with pure
Ta-TMS is consistent with intercalation o f Na 3C 6 o-

The %C analysis o f composite

materials shows that the carbon loading level remains almost the same with very little
change up to and including the n = 4.5 state. This trend differs from the K 3 C 60 materials,
which show a general decrease in carbon loading from ca. 30% to ca. 10% as the fulleride
is progressively reduced. The observation that the carbon content does not drop from n =
0.5 material toward n = 3.0 is important, since the possible effect o f carbon loading level
on conducting properties of this materials can be eliminated.

This suggests that the
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observed conductivity pattern in general is not related with content o f fullerene in this
composition regime, but only with the oxidation state o f the fulleride. The reason for this
retention of fulleride on reduction is not clear, but may be due to polymerization of
fullerene in the pores upon addition o f Na-naphthalene. Polymerization o f N a ^ o has
been reported previously in bulk fulleride samples , 161 although paradoxically thin films
are reported to adopt an fe e structure with no polymerization . 162,163

Table 2. Table of elemental analysis values for samples of mesoporous tantalum oxide intercalated
with sodium fulleride at various level of reduction.

C %

Ta %

Na %

M olar ratio (C:Ta:Na)

O
II
c

36.71

30.43

2.92

18.2:1:0.75

n = 3.0

40.00

31.42

5.33

19.2:1:1.3

n = 4.5

39.79

29.95

6 .6 6

20.1:1:1.75

i

Sample ID

2.2.6. Superconducting Quantum Interference Detector M agnetom etery.

The

results

of

Superconducting

Quantum

Interference

Detector

(SQUID)

magnetometer measurements conducted on n = 0.5, 3.0 and 4.5 materials over the
temperature range 4-200 K at 500 G are shown in Figures 11 and 12. The plot of %vs. T
(Figure 11) reveals that all the materials are paramagnetic and possess both free-spin
Langevin and temperature independent paramagnetism. The plot o f the Langevin term
(obtained by subtraction from % o f the temperature independent term derived by
extrapolating the % vs. 1/T plot to 1/T = 0) versus inverse temperature shown on Figure
12 demonstrates that these materials obey the Curie law from 20 to 200 K with the Curie
constants shown in Table 3.
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The absolute value of the magnetic moment increases as more sodium is introduced
into the channels, corresponding to an increase in unpaired electrons in the system. The
drop off from linearity below 20 K in all plots has been observed in K 3 C 60 composites of
mesoporous Nb oxide and is not fully understood . 155,156 Plots o f % vs. 1/T are not linear,
suggesting that more complex magnetic phenomena than can be accounted for by the
Curie-Weiss law are at play below 20 K.

Table 3.

Table o f temperature-independent paramagnetic term, Curie constant and effective

magnetic moment (pefr) for materials from Table 2.

Sample ID

T em perature-independent
param agnetic term (emu/mol)

C urie constant
(emu*K/mol)

Peff j B .M .

0.15

0.5

0.827

n = 3.0

0.052

0.53

0.91

i/T

0.041

0.532

0.92

II
C

n = 0.5
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Figure 11. Plot of magnetic susceptibility versus temperature for a) n = 0.5, b) n = 3.0 and c) n = 4.5
samples.
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Figure 12. Plot of normalized molar magnetic susceptibility versus inverse temperature for a) n
0.5, b) n = 3.0 and c) n = 4.5 composites.

2.2.7. Solid-State 23Na and 13C NM R Measurements.

In order to make detailed structural comparisons between pure single-phase fullerides
and these o f composite materials, 23Na and 13C studies were conducted on Na 3 C6o
mesoporous tantalum oxide composites.

2.2.7.I. Solid-State 23Na NM R o f Na composites.

A room-temperature 23Na MAS NMR spectrum of Na 3 C 6o intercalated into
mesoporous Ta oxide is shown in Figure 13. There are three distinct sodium resonances
in this spectrum: (1) a large peak centred at 0.16 ppm with a FWHH of ca. 300 Hz, (2) a
small sharp peak at -14.7 ppm with FWHH of 300 Hz, and (3) a broad powder pattern
centred at -23.8 ppm with a FWHH of ca. 1700 Hz. Deconvolution of these peaks yields
relative populations o f 2.0:0.25:1.0 for sites 1, 2 and 3, respectively.
46
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The central

transition o f the 23Na nucleus (spin-3/2) has only 40% o f the intensity observed for nonselective excitation, and a certain proportion o f this intensity will be distributed into the
spinning sidebands, depending upon the spinning speed, Larmor frequency and size of the
quadrupolar interaction.164,165 Thus, these relative populations are not quantitative, but
rather, will be used for comparison o f relative site populations in samples of different
sodium loading levels.
The largest peak (site 1) possesses a noticeable 23Na quadrupolar interaction, as
evidenced by the significant spinning sideband manifold (though the quadrupolar
interaction is not overly large, as no second-order quadrupolar broadening is observed)
whereas the site 2 and 3 resonances do not possess spinning sideband manifolds.
Simulation o f the spinning sideband manifold for site 1 yields a nuclear quadrupole
coupling constant of Cq = 1.0(2) MHz. For the small sharp peak (site 2), the spinning
sideband manifold is absent due to the fact that there is a very small quadrupolar
interaction for this sodium species. The broad powder pattern of site 3 likely arises from
the combination of a large 23Na quadrupolar interaction and inhomogeneous distribution
of chemical shifts.
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(1)

Figure 13.

23Na rotor-synchronized Hahn-echo MAS NM R spectrum o f Na3C60 intercalated into

mesoporous tantalum oxide acquired (spinning sidebands are denoted with asterisks). Inset: highly
schematized representation o f three different sodium cation sites: N a(l): sodium cations in the Ta
oxide channels, Na(2): sodium cations associated with the fulleride species, and Na(3): sodium cations
confined within the walls o f the mesoporous Ta oxide.

Solid-state 23Na NMR spectra have been reported for surface and buried sodium
cation sites in mesoporous aluminosilicates by Ripmeester et al.166

These authors

attributed a narrow resonance near 0 ppm to sodium cations on or near the surface o f the
framework walls, perhaps with a high degree o f mobility. A broad pattern with a centre
of gravity between -20 and -30 ppm is assigned to sodium cations with restricted mobility
contained within the aluminosilicate walls, which serve to charge balance the negatively
charged framework. The powder patterns in the 23N a NMR spectra o f aluminosilicates
bear a striking resemblance to the site 1 and site 3 resonances observed for the N a 3C 6 o-
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mesoporous Ta oxide composite material. Based on these assignments and for further
reasons discussed below, the broad powder pattern (site 3) can very likely be assigned to
sodium cations confined within the mesoporous Ta oxide walls. Similar 23Na MAS NMR
patterns were also observed for Na ions enclosed inside bulk titania and sodium-modified
V2 O 5 catalysts . 167 Sodium cations which are confined in the walls o f mesoporous Ta
oxide experience a large quadrupolar interaction, due to large electric field gradients
arising from their asymmetric environment. The large quadrupolar interaction invokes a
quadrupolar induced shift of the centre of gravity o f the powder pattern to lower
frequency.

23 Na-23Na

dipolar couplings are not expected to contribute to any o f the

resonances, as experiments acquired at various spinning speeds revealed no noticeable
changes in peak widths. However, since the mesoporous Ta oxide is a disordered solid,
there is very likely a range of chemical shifts and variable 23Na quadrupolar coupling
constants associated with these species, accounting for the inhomogeneous broadening o f
the powder pattern and the absence o f a spinning sideband manifold. The 23Na NMR
spectra were acquired at one magnetic field strength, so deconvolution of the individual
contributions from the second-order quadrupolar interactions and chemical shielding to
the shape and position o f this powder pattern is very difficult. Further evidence that site 3
can be attributed to sodium species confined in the walls of the mesoporous Ta oxide is
presented below in the discussion o f NMR spectra o f samples with variable loading levels
of sodium ions.
There are several possible explanations for the origin of the site 1 resonance, with its
moderate quadrupolar interaction, sharp lineshape and chemical shift o f ca. 0 ppm. For
instance, Terskikh et al. observed similar peaks in sodium-modified samples of titania
and V2 0 s-Ti0 2 catalysts, and attributed these peaks to sodium ions interacting with
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surface Ti-OH or Ti-OH-Ti groups (i.e., Ti-ONa species ) . 167 The peak could also be
attributed to a sodium cation coordinated by six oxygen atoms, and is similar to the site I
Na ion in zeolite NaY 168 or a hydrated sodium ion ; 169 however, there are not small
hexagonal prisms in these mesoporous solids, nor is there water present in these systems
(as evidenced by 'H MAS NMR and decoupling experiments which reveal no narrowing
of any of the resonances in the 23Na NMR experiments).

Interaction of the sodium

cations with surface Ta-OH groups is also unlikely, due to the fact that these sites have
been capped with trimethylsilyl groups.

Since this isotropic lineshape cannot be

attributed to sodium cations confined in the mesoporous Ta oxide walls (broad powder
pattern), the site

1

resonance corresponds to sodium cations which are contained within

the channels o f the mesoporous Ta oxide near the surface (similar to those observed by
Ripmeester et a / . ) . 166 13C NMR data {vide infra) indicates the presence of several THF
species within the mesoporous solid, so the sodium cations may be simultaneously
coordinated to oxygen sites on the surface and a single THF molecule or coordinated by
multiple THF molecules. Sodium coordination environments such as this (non-hydrated)
with chemical shifts near 0 ppm have been identified in zeolite LaNaY as “NaCl” species
(i.e., the Na ion is coordinated to three framework oxygens and one chlorine atom,
producing a tetrahedral environment with a chemical shift near

0

ppm and a small to

moderate quadrupolar interaction ) . 170
The quadrupolar interaction at site 2 is small enough that the isotropic chemical shift
can be measured accurately (-14.7 ppm). Solid-state 23Na NMR spectra of bulk Na 3 C6o
(Figure 14) suggest that there may be two distinct sodium sites in the bulk phase: a
distorted octahedral site with a chemical shift of ca. 18 ppm and a relatively large
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quadrupolar coupling constant of

Cq

= 3.6 MHz, and a tetrahedral site with a chemical

shift of ca. -15 ppm and a much smaller quadrupolar interaction.
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a) 23Na rotor-synchronized Hahn-echo MAS NMR spectrum of pure Na3C60 and

deconvoluted spectra.

Deconvolution reveals the presence of octahedral (broad second-order

resonance) and tetrahedral (sharp resonance) sites, b) l3C MAS NMR spectrum o f pure Na3C60.

These assignments are made on the basis of previous 23Na NMR studies on Na 2 C6o and
N a ^ o fullerides 171 and 39K NMR of K3 C 6 o172 (the comprehensive study of bulk Na 3 C6o

51
R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

discussed in Chapter 3). The low frequency shift and small quadrupolar interaction of the
tetrahedral sodium site result from close association o f the sodium cation with the
aromatic fulleride and the spherically symmetric electronic environment, respectively.
Similar low frequency 23Na chemical shifts o f sodium species closely coordinated to
aromatic ring systems have been observed in the 23Na NMR spectra of polymeric sodium
cyclopentadiene. 173 Since there is no broad resonance at 18 ppm in the 23Na MAS NMR
spectrum o f the composite material, the small sharp peak at -15 ppm (site 2 ), is assigned
to sodium cations which are closely associated with the fulleride anions in a similar
manner to the tetrahedral sites in pure NasCeo- Further evidence o f this assignment comes
from solid-state NMR characterization of sodium-modified mesoporous Ta oxide samples
without NasCgo and variable-temperature NMR data discussed below.
Variable-temperature 23Na MAS NMR spectra acquired from -140°C to +100°C are
shown in Figure 15.

Examination of the full spinning sideband manifolds at all

temperatures indicates that the Cq o f the site 1 resonance does not change with
temperature. Additionally, there are no changes in either the chemical shift or peak-width
of the site 1 resonance.

Deconvolution of the spectra reveals that the site 1 and 2

resonances have similar integrated intensities at all temperatures, while the broad site 3
resonance grows in intensity as the temperature is increased. It is difficult to obtain an
accurate measure o f integrated intensity for the broad resonance, as it widens and
disappears into the baseline at low temperatures. This could result from an increasing
quadrupolar interaction with decreasing temperature or a change in the Ti relaxation rate
of this nucleus. The most notable feature observed in these spectra is the gradual change
in chemical shift of the 23Na resonance corresponding to sodium ions associated with the
C 6o anions. From +100°C to -140°C, the chemical shift moves linearly from -20.3 ppm to
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-15.0 ppm. This is possibly due to temperature-dependent motion o f the fullerides in the
mesoporous Ta oxide channels, though the exact relationship between this motion and the
23Na chemical shift is unknown at this time.
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Figure 15. Top: Variable-temperature 23Na Hahn-echo MAS NMR spectra of Na3C60 intercalated into
mesoporous tantalum oxide. Bottom: Expansion of the centre of the spectra.
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A comparison o f 23Na MAS NMR spectra of the parent intercalate and a variety of
mesoporous Ta oxide samples reduced with Na-naphthalene is shown in Figure 16. The
23Na NMR spectra o f pure mesoporous Ta oxide reduced only with 0.5 equivalents o f Nanaphthalene (with no Na 3 C6 o intercalation) reveal two types of sodium cation sites (Figure
16a). There is a large peak with FWHH = 400 Hz at -0.2 ppm and a broad resonance
centred at ca. -21.7 ppm with FWHH of ca. 2300 Hz.

The broad powder pattern

corresponds to the site 3 sodium cations confined within the mesoporous Ta oxide walls,
whereas the narrower peak corresponds to the site 1 “surface” sodium ions in the Ta
oxide channels. The ratio o f site 1 to site 3 species is 2.6:1.0 as determined by lineshape
deconvolution.

A sharp peak is not observed in the -15 ppm region, supporting the

assignment o f the site 2 sodium cation to a sodium cation associated with the fulleride
(Figure 16b).
The 23Na MAS NMR spectra of mesoporous Ta oxide intercalated with Na 3C 6o and
reduced to n = 3.0 and n = 4.5 with Na-naphthalene have broad asymmetric powder
patterns with larger FWHH of ca. 4000 Hz, and centres of gravity at ca. -19 ppm. For the
n = 3.0 sample, the ratio of relative integrated intensities of peaks corresponding to site 1
and site 3 species is 0.9:1.0, and for the n = 4.5 sample, this ratio is 0.6:1.0. Thus,
increased reduction of the composite by addition of Na-naphthalene results in a build up
of sodium cations contained within the negatively charged mesoporous Ta oxide
framework, serving to balance the increasing negative charge resulting from reduction.
This is unexpected in the more highly-reduced samples, because XPS shows that addition
of Na-naphthalene results in no further reduction of the Ta oxide framework between n =
3.0 and n = 4.5. For this reason there should be no further increase in electronic charge in
the walls o f the structure.
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Figure 16. MNa Hahn-echo MAS NMR spectra of mesoporous Ta oxide composites: a) 0.5 eq Na
naphthalene TaTM SI, b) n = 0.5, c) n = 3.0, d) n = 4.5.

The sharp resonance indicating sodium cations strongly associated with the C6 o anions
(ca. -14 to -16 ppm) is not clearly visible in these spectra.

In the 23Na MAS NMR

spectrum o f the n = 3.0 sample (Figure 16c), there is an asymmetry in the broad powder
pattern and a shift in the centre of gravity to higher frequency (i.e., shifts from ca. -21.7
ppm in low loading samples to -19 ppm in samples with higher loading). Deconvolution
reveals that this may result from the presence of a weak site

2

resonance at ca. -15 ppm
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which is not clearly visible due to the build up o f sodium confined within the walls of the
mesoporous Ta oxide and increased intensity of the site 3 powder pattern. The broad site
3 powder pattern in the 23Na NMR spectrum o f the n = 4.5 sample (Figure 16d)
completely overwhelms the small site 2 signal so that it cannot be deconvoluted, though
there is still a small positive (downfield) frequency shift of the centre o f gravity o f this
pattern that may indicate its presence, although this is not definitive. If the sodium ion
associated with the fulleride species is present, its relative population compared to
channel and wall sodium ions is too small to be observed.

22.1 .2 . Solid-State 13C NM R o f Na composites.

Since there is a strong likelihood o f multiple fulleride species in the pores, 13C MAS
NMR was used to probe the carbon-containing constituents in mesoporous Ta oxide
samples (Figure 17). The 13C MAS NMR spectrum o f mesoporous Ta oxide reduced
with 0.5 eq naphthalene is shown in Figure 17a.

A variety o f carbon species are

identified, including a peak at ca. -1 ppm which is assigned to TMSC1 and peaks at 26
and 68 ppm which are attributed to THF (both are used in the preparation of the
mesoporous solids). The resonance at 111 ppm arises from the Teflon spacers used to
seal the sample from the atmosphere (this peak disappears in 13C{'H} CPMAS NMR
experiments, spectra not shown)174 and the peak at ca. 128 ppm corresponds to the
presence of benzene. The 13C MAS NMR spectrum o f mesoporous Ta oxide intercalated
with Na 3 C6 o (Figure 17b) is quite similar, except for the presence o f new peaks in the
high frequency region which correspond to a variety o f fullerene species, as well as a
small peak at ca. 43 ppm. The peak at 43 ppm may correspond to a THF molecule which
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is coordinated to the sodium ions in the channel o f the mesostructure. The asymmetric
peak centred at 143 ppm can be attributed to C6o molecules,175 its broadness resulting
from an inhomogeneous chemical shift distribution from C60 molecules in a variety of
different environments in the mesoporous Ta oxide channels.

There is also a large

narrow resonance at ca. 160 ppm and a small resonance at ca. 185 ppm, the latter of
which can be assigned to C6o3’ and the former to a fulleride anion of an unknown
oxidation state.
Because the resonance at 160 ppm is of comparable intensity to that for C6o and the
material has a mean oxidation state o f n = 0.5, it is possible that it corresponds to some
amount o f C6 0 1' or C6o2’ in the pores. I3C MAS NMR spectra o f pure Na 3 C 6 o (Figure 14b)
display sharp resonances at 144 and 171 ppm and broader resonances from 176 to 186
ppm (resonances between 171 and 189 ppm are typically assigned to anionic fulleride
species). For example, our 13C MAS NMR spectra o f NasCeo are similar to previously
reported spectra of KnC6o (0 < n < 3), which demonstrate that alkali fullerides can exist as
phase separated mixtures o f M 3 C 60 and C 60 at ambient temperatures.176,177 The l3C
resonance corresponding to C6o3" occurs at 186 ppm and to C60 at 143 ppm in K3 C6 0 ,176
while higher temperature experiments reveal a single phase with a single resonance at 174
ppm.178 Some other known 13C chemical shifts for fulleride species include Na 2 C 6o (172
ppm)177 and NaeQo (176 ppm)171, implying that differentiation and identification of the
C 60" anions on the basis o f chemical shifts alone is non-trivial.

This is further

complicated in composite materials where interactions between the alkali fulleride and
the framework structure may also have some influence on the observed chemical shifts.
The 13C MAS NMR spectrum of the n = 3.0 sample is quite distinct from the non
reduced sample (Figure 17c). There is a very sharp, intense peak at 187.3 ppm which
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corresponds to the Cgo3 anion. All o f the other carbon-containing constituents can be
seen in this spectrum, though in very low intensity compared to the C6o3’ anion. There is
still some evidence that the pure C 60 (144 ppm) and fulleride species (161 ppm) are still
present, but in notably reduced quantities. Thus reduction of the species in the n = 0.5
sample to a mean oxidation state of n = 3.0 as determined by Raman, results in almost
exclusive formation of C6o 3‘.

d) n=4.5

c) n=3.0

C,
B en zen e
Teflon

THF
TMS

b) n=0.5

a) 0.5 eq. Na TaTMSI

200

150

100

50

0

ppm

Figure 17. 13C MAS NMR spectra of mesoporous Ta oxide composites: (a) 0.5 eq Na naphthalene
TaTMSI, b) n = 0.5, c) n = 3.0, d) n = 4.5.
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In the 13C MAS NMR spectrum o f the n = 4.5 sample (Figure 17d), there are three
resonances with chemical shifts o f 183.4, 180.5 and 175.9 ppm, all corresponding to
different C 6 o"' species.

These are not specifically identifiable on the basis o f their

chemical shifts. According to the mean oxidation state o f n = 4.5, these peaks may be
assignable to the appropriate ratio of n = 4.0, n = 5.0, and n = 6.0 states, however this
cannot be verified since there is not a linear relationship between 13C shift and electron
shielding.

At this reduction level, there also appears to be no trace o f the C6o and

fulleride resonances at 144 and 161 ppm observed in other samples.

The three

unidentified species may also be associated with polymerised fulleride units,

1 *70 1 CO

’

as

suggested by the unusual retention o f C on reduction, however this cannot be verified
since the sp3 resonance associated with polymerised fullerenes falls between 30 and 80
1O 1

ppm

and this region is obscured by multiple solvent species. These resonances are also

often difficult to detect because o f a particularly long relaxation rate.

2.3. Discussion.

The results presented above suggest that the n = 0.5 parent fulleride composite has a
structure in which one-dimensional channels o f fulleride units occupy the pores with
charge-balancing Na species occupying one of three sites: i) sodium ions in the channel,
ii) sodium ions associated with the C6o anions iii) sodium ions confined or associated with
the Ta oxide walls. The NMR spectra of the n = 3.0 and n = 4.5 materials support a
different structure in which the fulleride units are aligned in the channels with Na ions no
longer associated with the fullerides and only occupying mobile or surface sites identical
to those observed in mesoporous Ta oxide reduced with Na-naphthalene only. Scheme
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8

shows these two structures with the fe e structure of N a 3C 6 o shown for comparison. The
image shown in Scheme 8c is particularly interesting as it represents a new series of
fulleride structural type with columnar units surrounded by a double sheath composed of
an inner layer o f Na+ ions with the reduced anionic walls o f the mesostructure comprising
the outer layer. Even in the absence o f polymerization, this structure is still unique. The
migration o f Na away from the fulleride and into the static sites on the walls with
reduction may be driven by a mixture of steric and electronic effects, with the steric effect
of increased volume o f species in the pores dominating above the n = 3.0 and n = 4.5
states. This structure can also be rationalized from the standpoint o f a minimization of
electrostatic repulsion, the more anionic n = 3.0 and n = 4.5 fullerides (as compared to the
parent n = 0.5 material) being repelled from the anionic Ta oxide walls into the center of
the channels, with the Na cations forming a layer between the oxide and fulleride phases.
Since the conductivity maxima occur at the parent n = 0.5 state and at the n = 4.5 state
with an insulating state at n = 3.0, the presence o f Na ions between the fullerides, a
feature which is only present in the n = 0.5 material, does not appear to be a governing
factor in conductivity.

The conductivity pattern appears to be related only with the

oxidation state o f the fulleride and not the C-loading level as previously thought for K 3C 60
composites, because the amount of fulleride is virtually constant.
Because all previous reports show that the reduced walls o f mesoporous Ta oxide are
insulating,81 the conductivity mechanism in the semiconducting n = 0.5 and n = 4.5
materials likely involves electron hopping between the various fullerene species in the
pores. Because of its nonstoichiometry, the n = 4.5 state cannot be directly compared to
bet K4 C60 , which is an insulator because of Jahn-Teller distortion between n = 4 .0
fullerides. The presence o f almost exclusively C6o3" in the insulating n = 3.0 material is
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interesting, because it allows some comparisons with bulk n = 3.0 fullerides, thought to
be metallic due to accidental vacancies.

In this composite there is very little non

stoichiometry and insulating behavior is thus expected on the basis of pure C6 o3’ being a
Mott-Hubbard insulator because of electronic repulsion in the half-filled band. Because
the fullerides are arranged in one-dimensional chains, formation o f charge density waves,
particularly favored for half-filled bands in one-dimensional systems (such as
polyacetylene), may also be at work. These lattice distortions would lead to electron
localization and therefore insulating behavior.

Because o f these considerations, these

composites cannot be directly compared to the bulk fe e or bet phases, and must therefore
be considered as unique fullerene structural types.

2.4. Conclusion.

We have synthesized a new series of semiconducting mesoporous tantalum oxide
sodium fulleride intercalates and studied their electronic properties as a function of Naloading. These materials show electronic properties very different from the bulk phases.
The solid-state 23Na and 13C NMR studies reveal a broad array o f non-stoichiometry in
these composites with three different Na sites and numerous C 6 o species, belying the
relative simplicity of the Raman spectra for each composite. The 23Na NMR reveals that
Na cations preferentially migrate to the walls o f structure with increasing fulleride
reduction. This supports a new fullerene structural type in which anionic C6 o columns are
enclosed in a double sheath of Na cations and the walls o f the mesopores. Because of the
differences in fulleride oxidation states, stoichiometry, and dimensionality between the
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bulk phase and the composites, the unusual conductivity patterns observed in the latter
materials are not unexpected.

Scheme 8. Graphic illustration of a) Na3C60 fe e structure, b) Na3C60 mesoporous tantalum oxide
parent intercalate, c) material from b) after reduction with Na-naphthalene showing migration of Na
cations to the walls.
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Chapter 3. Solid-State 23Na and 13C NMR Characterization of Na3C60.

During the course of our study on Na fulleride composite materials, reported in
Chapter 2, we discovered that two samples of Na 3 C6 o prepared at different annealing
times and used during the preparation o f our composite materials were substantially
different in structure.

While conventional techniques such as Raman, X-ray powered

diffraction spectroscopy and elemental analysis data used for the characterization of
NasCeo revealed virtually identical composition o f both samples, solid-state NMR
spectroscopy revealed significant difference in their structure.
In the bulk phase, alkali fullerides o f the general formula A 3 C 60 (A = Na, K, Rb, Cs)
adopt an fe e structure and display superconducting properties at temperatures of 33 K or
lower. 116 The room temperature metallic behavior and source o f superconductivity are
not fully understood because the materials should be Mott-Hubbard insulators, as they
possess a half-filled tiu band . 126

It is widely believed that these materials contain

oxidation state defects and are best viewed as hole-doped Mott-Hubbard insulators117,129,
although this has been difficult to prove by any means o f characterization. The extensive
research interest in non-superconducting Na 3 C6o was inspired by its structural and, most
importantly, stoichiometric similarity to superconducting K 3C 6 0 .
In order to probe further into the actual structural geometry o f Na 3 C6o and to elucidate
the effect of annealing time on the stoichiometry and homogeneity and thus phase purity
of our samples 23Na and ,3C NMR, X-ray powder diffraction and Raman spectroscopy
measurements on two samples of Na 3 C6 o prepared at

10

and 16 days, respectively, were

performed and the results of our findings are reported in this Chapter.
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3.1. Experimental section.
3.1.1. M aterials, Synthesis and Equipment.

All chemicals, unless otherwise stated, were obtained from Aldrich and used without
further purification.

Samples of Na 3 C6 o were prepared by annealing a stoichiometric

mixture of Na metal and C6o in a vacuum-sealed tube between 400°C and 450°C for 10
days (sample A) and 16 days (sample B). After 10 days there was no metallic sodium
visible in the reaction mixture for both samples.122 Both samples were sealed in glass
capillary tubes under an inert atmosphere and characterized by powder XRD.

182

XRD

powder patterns were obtained on a Siemens D-500 X-ray diffractometer with a CuKa
source. Raman spectra were recorded on a Renishaw Ramascope using a Renishaw 514
nm Diode Laser System.
Solid-state 23Na and 13C NMR spectra were obtained on a Varian Infinity Plus NMR
spectrometer with a 9.4 T (400 MHz) Oxford wide-bore magnet (vo(23Na) = 105.74 MHz,
v0(13C) = 100.63 MHz). A Varian/Chemagnetics 4 mm double-resonance MAS probe
and a Varian/Chemagnetics 4 mm triple-resonance MAS probe (operating in double
resonance ]H-23Na or ’H-13C configurations) were used for all experiments.

Samples

were ground into a fine powder under an atmosphere o f dry nitrogen and tightly packed
into 4 mm outer diameter, zirconium oxide rotors, which were sealed with air-tight Teflon
spacers. Sodium chemical shifts were referenced to a 1.0 M solution o f NaCl (6jSO(23Na)

= 0.0 ppm). 23Na MAS NMR spectra were obtained using rotor-synchronized Hahn-echo
[tt/2 -

t

- ir -

t

- acquired] experiments, with a spinning speed of vrot = 12 kHz and

interpulse delays o f x = l/vrot = 83.3 ps. Typical experimental parameters for the 23Na
experiments include an rf field amplitude of V] = 33.3 kHz, a central-transition selective
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pulse width o f 3.5 ps and calibrated pulse delays ranging from 1 to 7 seconds. The
number o f scans acquired for room-temperature 23Na MAS NMR spectra of Na 3 C6 o was
2576, whereas variable-temperature 23Na NMR experiments involved the collection of
208 scans, over a temperature range o f -120°C to +200°C (temperatures reported herein

are accurate to within ±2°C, based on temperature calibrations).

Solid-state 13C MAS

NMR spectra were referenced to TMS (6iSO( 13C) = 0.0 ppm) by setting the high frequency
resonance o f solid adamantane to 38.57 ppm. Single-pulse experiments were conducted
on all samples, with a spinning rate of vrot = 12 kHz. An rf field o f Vj = 125 kHz, a 7t/2
pulse width o f 1.95 ps and recycle delays o f 8 or 9 seconds were employed in all 13C
NMR experiments. Variable-temperature 13C MAS NMR experiments were performed
from -120°C to +200°C with the same parameters as the room-temperature spectra, except
that the spinning speed and the number o f transients collected were decreased to 10 kHz
and 100 scans, respectively.

Analytical simulations o f the 23Na NMR spectra were

performed as described in Chapter 2.
Elemental analysis was conducted under an inert atmosphere by Guelph Chemical
Laboratories, Ltd., 248 Silvercreek Pkwy, N. Guelph, ON, Canada, N1H 1E7. Vanadium
pentoxide was added to the samples to ensure complete carbon combustion.

3.2. Results and Discussion.
3.2.1. X-ray Powder Diffraction, Raman Spectroscopy M easurements and Elemental
Analysis Data.

The XRD patterns o f the two samples (A) and (B) prepared at different annealing
times are virtually identical, displaying [111], [200] and [220] reflection planes at lower
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angles (Figure 18). This data is consistent with previously reported findings by Kaner et
al.m

Raman spectroscopy is a very useful analytical tool often used to probe the

oxidation state o f fullerenes. It is well known that in fulleride materials AnC6o the Raman
Ag band shifts 6 cm '1 for every integer increment in value n.i4] Raman spectra o f samples
(A) and (B) are shown in Figure 19, indicating the presence o f a single Ag band at 1447
cm '1, this is consistent with an oxidation state o f the fullerene phase o f n = 3.0, giving the
structural formula Na 3 C6o for both samples.
Elemental analysis yields carbon percentages of 91.50% and 92.67% for samples A
and B, respectively as compared with calculated elemental composition: C 91.27%, Na
8.73%. Thus, from the standpoint o f Raman, XRD and elemental analysis, these two
samples are indistinguishable.
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Figure 18. XRD pattern of Na3 C6o annealed for a) 10 days and b) 16 days.

66
R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

;

i

a)

£
c
3
o
o

/ 1;- .- -----

ft

~

’ ‘

/ A 1-A"'-/'. / ;

b)

1600

I

!

!

1500

1400

1300

1200

Raman Shift (cm'1)

Figure 19. Raman

band o f a) Na3C60 sample (A) and b) Na3C60 sample (B). The peak centered at

1447 cm' and corresponds to C60 '•

3.2.2. B rief Overview of a Previous Solid-State NM R Study of Na 3 C 6 o-

Solid-state NMR is a very useful method in characterization o f fullerenes and
fullerides.
species

177 10 1

’

178 1RA 18f\

’ ‘

Because o f its ability to distinguish between fullerene
in alkali fullerides, solid-state

11

in c

and fulleride

C NMR is o f particular importance in

fullerene chemistry. In alkali fullerides, A 3 C60 ,cations o f the alkali metal (A = Li, K, Na,
Rb, Cs) normally occupy both: tetrahedral and octahedral sites o f the fe e lattice (Scheme
9a). However, ambiguity exists as to the exact position o f cations in the fee structure.
Rosseinsky et a /.187 performed variable temperature X-ray powder diffraction studies on
the Na 3 C6o structure.

It was suggested that at room temperature Na3C6o has an fee

structure with Na ions occupying both tetrahedral and octahedral sites, however

67
R ep ro d u ced with p erm ission of th e copyright ow ner. Further reproduction prohibited w ithout p erm ission .

octahedral sites are greatly disordered in the position. Additional powder XRD and NMR
studies on Na 3 C 6 o suggested that the sodium ions may be displaced into a general co
called 32/position as opposed to formation o f two separate sites, similar to that of A15
structure o f RbaCeo-188 At lower temperatures XRD powder measurement indicated a
reversible structural phase transition between 250-260 K, which was attributed to either a
macroscopic phase transition or migration of sodium ions between sites o f different
crystallographic symmetry.

18 7 188

•

Bulychev et al. performed a systematic study of alkali

fullerides NanC6o applying solid-state 23Na, 13C and *H NMR experiments.189 NMR data
were reported for Na 3 C 6o and NaZ^o at various stages o f synthesis: (i) immediately after
discolouration o f the toluene solution (multi-phased precipitate), (ii) after annealing at
400 K for 10-15 days, and (iii) after drying the annealed samples between 600-620 K. A
peak at 1133 ppm, indicative o f unreacted Na metal, is observed for both samples in stage
(i).

Na NMR spectra o f Na 3 C6 o after a short annealing period reveal two resonances

centered at 290 and 215 ppm, and then after drying at 78 and 26 ppm. The powder
patterns at 78 ppm and 26 ppm likely correspond to octahedral and tetrahedral sites,
respectively, consistent with previous findings by Rachdi et al. on Na2C6o and Na6C6o.171
I3C NMR experiments revealed a single broad powder pattern initially centered at 203
ppm, which shifts to 189 ppm after annealing, and then further to 181 ppm after drying at
600 K.

Based on this results Bulychev et al. concluded that the synthesis o f alkali

fullerides in the presence o f a solvent phase is promising but quite complicated, since (i)

sodium atoms slowly intercalate into the fulleride lattice; (ii) solvent choice may
influence synthesis o f the fullerides; and (iii) the dynamic behavior of the sodium atoms
in the solid lattice is very complex and still not well understood.
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3.2.3. 23Na MAS NMR of Na3C60.

Variable-temperature 23Na MAS NMR spectra acquired over the temperature range
from -120°C to +200°C for Na 3 C 6o (A) and Na 3 C6o (B), respectively are shown in Figures
20a and 20b.

Comparison o f experimental and simulated spectra for both samples at

selected temperatures is shown in Figures 21a and 21b. The spectra o f the sample B
annealed at longer period of time are less complex and easier to interpret than those of
sample A and thus will be discussed first.
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Figure 20. Variable-temperature wNa MAS NMR spectra of a) Na3C6o sample (A) and b) NasQo
sample (B) at B0 = 9.4 T at vro, = 12 kHz.
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Figure 21. a) Experimental and simulated J3Na MAS NMR spectra o f Na3Q o (A) at +200°C and
+22°C. b) Bottom : Experimental and simulated 23Na MAS NMR spectra of Na3C«) (B) at 100 C. Top:
Deconvolution of the simulated powder pattern showing the contributing spectra from individual
sites.

From the presented spectra (Figure 20b) it can be seen that there is some evidence of
broad high-frequency resonances that shift from 95 ppm at +200°C to 80 ppm at +100°C
and may arise from the presence o f paramagnetic fulleride species. These resonances
disappear at +50°C and do not reappear at lower temperatures.

There were no high

frequency resonances at around +1100 ppm, indicating that there is no “free” metallic
sodium present in this sample.189
At +200°C sample B exhibits a broad powder pattern affected by a significant secondorder quadrupolar interaction. This powder pattern was simulated (Figure 21) to yield
CQ(23Na) = 3.3 MHz and Siso(23Na) = 17.2 ppm. As the temperature is decreased, the
pattern broadens and the

Cq

is gradually increases.

The close agreement between

simulations and experimental data, coupled with the observation o f decreasing values of
Cq

with increasing temperature, suggests a single type of sodium environment at room

temperature and above, rather than separate tetrahedral and octahedral sites.187 At -30°C,
another sharp resonance becomes evident (Figure 20b). This resonance is influenced by a
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small quadrupolar interaction (no second-order lineshape or sharp spinning sidebands are
visible) and has a centre of gravity that moves gradually from -15.0 ppm at -30°C to -17.2
ppm at -120°C.

The appearance o f this resonance suggests either the increasing

population o f a second symmetrical sodium site at low temperatures or the existence o f a
new solid phase.

Previously reported variable-temperature X-ray data of Na 3 C6 o also

revealed a change in the X-ray powder patterns at 250 K, and was attributed to its
disproportionation into two fe e phases with lattice parameters close to that of Na2 C6 o and
NaeCeo-188 Based on our data for Na 3 C60 (B) we suggest that at ambient temperatures and
higher the majority o f sodium ions exist within a positionally disordered, distorted
environment. This environment could be attributed to the 32/position of the fe e structure,
suggesting that Na 3 C 6o has a structure similar to the aforementioned A 15 structure of
Rb 3 C6 o (Scheme 9b).

However, at lower temperatures, symmetric tetrahedral sodium

sites which are proximate to the general 3 2 /position become increasingly populated, as
evidenced by the small quadrupolar interaction and low frequency chemical shift. This
suggests gradual migration of sodium ions (Scheme 9c), rather than the production of two
separate unit cells.187
Variable-temperature 23Na NMR spectra o f Na 3C 6 o (A), prepared in a similar manner
as sample B, but at lesser annealing time are substantially differs from that of sample B
(Figure 20a). 23Na NMR spectra of Na 3 C6o (A) acquired at +200°C and +150°C appear to
be similar to those o f Na 3C 6o (B). There is, however, an additional broad resonance at
+200°C with a centre of gravity at ca. 116 ppm, which narrows at 150°C and continues to
shift to lower frequency and finally disappear at lower temperature. Similar resonances
appear in the 23Na NMR spectra o f Na 3 C 6o (B), however their intensity is much less. The
spectra o f Na 3 C 6 o (A) at lower temperatures have common features with those of Na 3 C6o
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(B): there is a second-order quadrupolar pattern with a

Cq

o f ca. 3.3 MHz and sharp

resonance at ca. -15 ppm which increases in intensity as the temperature is lowered. In
addition, a third distinct powder pattern with a narrow second-order lineshape is also
present in spectra at +100°C and lower, with a centre o f gravity at ca. -23 ppm. The
appearance of this resonance in sample A is not understood but could be related either
with local inhomogeneity o f Na 3 C 6 o phase and presence o f extrinsic NanC6o phase
featuring exclusively tetrahedral sites or most likely due to occupation o f interstitial
octahedral and tetrahedral sites by N a ions around +100°C and progressive transition to
tetrahedral sites as temperature is lowered. The narrow pattern likely corresponds to Na
ions located in a high spherical environment, i.e. tetrahedral and could be related with Na
ions closely associated with fulleride units, while the broad pattern corresponds to Na
ions located in lower symmetry sites, i.e. octahedral.

9

Oh sites

Td sites

Td sites

a)

0

32 f sites

c)

b)

Scheme 9. Graphical illustration o f a) Na3C60 fe e structure with octahedral and tetrahedral sites, b)
the hypothetical “.415” structure of A3C60 with generalized low symmetry positions, and c) fe e
structure showing migration o f sodium ions in tetrahedral sites to generalized positions.
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3.2.4.13C MAS NMR of Na3C60.

In order to probe into the structure and purity o f both samples variable-temperature
13C MAS NMR experiments were employed (Figure 22).
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Variable-temperature 13C MAS NMR spectra of a) Na3Q 0 sample (A) and b) Na3Qo

sample (B) at B0 = 9.4 T at vrot = 12 kHz.

The 13C MAS NMR spectra of samples A and B indicated sharp resonances at ca. 144
ppm corresponding to “free” C6o,175 as well as presence o f several high frequency
resonances. Similar spectra have been observed for mixed phases NanC6o (n < 2) and
C6o,185 as well as KnC6o and C60 (n < 3).175 This similarity suggests that our samples are
the mixture of segregated C6o and Na 3 C6 o solid phases. At +200°C sample A exhibits
several broad powder patterns ranging from 186 to 178 ppm, while at +150°C these
patterns narrow into several distinct resonances with center of gravity at ca. 181.1, 179.7
and 177.3. Sample B, on the other hand, exhibits a single broad resonance at 180.0 ppm
at +200°C which shifts to 181.2 ppm at +150°C. In the temperature range from +100°C
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down to -120°C the spectra of both samples are similar in appearance, however a greater
number o f distinct resonances are apparent in the spectra o f sample A.

The sharp

resonance at 144.0 ppm, presented in both samples, does not noticeably shift with
temperature. The higher frequency resonances likely result from the presence of fulleride
species at different oxidation states, indicative of the non-stoichiometry o f Na 3 C6o, i-e.
presence o f NanC6o phase (2.5 < n < 3.5).

The absolute assignment o f these higher

frequency resonances is not possible since there is no definitive relationship between the
fulleride oxidation state and 13C chemical shift. For instance, solid-state 13C MAS NMR
spectra of Na 2 C 6 o and Na6C6o acquired at room temperature exhibit single sharp isotropic
resonances at 172 ppm and 176 ppm, respectively.171 In Na2RbC6o, two 13C resonances at
189 ppm and 186 ppm were observed at room temperature due to presence o f mixed
phases (fee and primitive cubic phases, respectively).180 At 333 K, only the fe e phase was
observed (189 ppm resonance), while upon cooling to 253 K, the primitive cubic phase at
186 ppm was observed. For Na2CsC6o, 13C shifts range from 185 ppm to 187 ppm.190
•

Static

13
C NMR spectra have been collected for a variety o f alkali metal fullerides,

including K 3 C 60 , RbnC6o (n = 3.0, 4.0, 6.0), showing varying motional averaging and
isotropic shifts ranging from ca. 165 to 185 ppm.
Summarizing this, we believe that the high frequency resonances are related to the
presence of non-stoichiometric NanC6o phase, where 2.5 < n < 3.5.

This non

stoichiometry is likely caused by slow diffusion o f the sodium ions through the fullerene

lattice during synthesis, in which the outer areas o f the fullerene crystals are initially
over-reduced and the inner areas remain unaffected. Kaner et al.m reported differences
in the kinetic product obtained for Rb2KC6o depending on which alkali metal was added
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first. The results of this study were rationalized on the basis o f different diffusion rates of
Rb and K through the solid.

3.3. Conclusion.

Two samples with a nominal elemental composition o f Na 3 C 6o were synthesized with
different annealing times. Raman spectroscopy indicated the exclusive presence of C6o3’,
while elemental analysis revealed an elemental composition close to that of pure Na 3C 6o
and X-ray powder diffraction patterns were virtually identical for both samples.
However, solid-state 23Na and 13C NMR experiments revealed significant differences in
the structure o f these two samples. 23Na NMR spectra acquired at ambient temperature
and higher indicate that the sample prepared with a longer annealing time, Na 3 C6o (B),
seems to have a single general sodium position, whereas the sample prepared with the
shorter annealing time, Na 3 C 6o (A), has two distinct sodium sites. 13C MAS NMR spectra
revealed several fulleride species in both samples, possibly due to the presence o f NanC6o
intrinsic phase with 2.5 < n < 3.5.
The results of solid-state 23Na and I3C NMR studies of these two samples of Na 3 C6 o
prepared by similar technique but at different annealing time emphasizes that preparation
of phase-pure solid Na 3 C6o is not trivial and significant structural difference exists in
these samples. Apparently the longer annealing time is required in order to produce a
phase pure and homogeneous sample.
The results presented herein are also underscores the importance of applying solidstate NMR conjointly with X-ray powder diffraction, elemental analysis and Raman
spectroscopy to fully characterize alkali fullerides.
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Chapter 4.

Synthesis and Electrochemistry of Li Fulleride Doped

Mesoporous Ta Oxides.

Recent advances in our group demonstrated that the walls o f mesostructured transition
metal oxides can function as a stoichiometric electron acceptor in reactions with alkali
metal reagents. This was the first example o f a material with a porous structure having
this property. Some Mn oxide channel materials act as Li acceptors, but have a very
narrow window o f stability upon reduction.191 Because o f the huge internal surface areas
o f up to 1000 m2/g and the controlled mesoporosity, these mesoporous oxides represent
ideal candidates for substrates in processes where fast diffusion through a large internal
void space and redox activity are necessary features. They also offer the advantage of
facile surface modification and manipulation of electronic properties by the introduction
of various agents into the walls of the porous cavities.192 While these alkali metal
reduced mesoporous transition metal oxide materials are insulating, addition o f K and Na
fulleride leads to conducting nanowires within the pores that have very different
electronic properties than the bulk phases.153' 156,193 Because o f the insulating nature of
alkali metal intercalated mesoporous Nb, Ta, and Ti oxides, studied before81, it can be
reasoned that the conductivity is due mainly to charge transport through the alkali
fulleride phase.

However, a deeper investigation is needed in order to gain a more

thorough understanding o f charge transfer behavior between the alkali metal, fullerene,
and mesoporous transition metal oxide host.
In this Chapter we report the successful synthesis o f Li fulleride doped mesoporous Ta
oxide and investigate its electronic properties and electrochemistry.

Alkali fulleride

doped materials are particularly interesting, because both the Ta oxide framework and the
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fulleride phase can act as electron acceptors and alkali fullerides show a strong
dependence o f conductivity on level of electron filling in the tiu band. The electronic
properties o f each component are examined by various techniques, including X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, solid-state I3C and 7Li NMR,
and SQUID magnetometry.

Cyclic voltammetry is used to monitor charge transfer

phenomenon between redox-active components o f the composites. Since it is conceivable
that both the Ta oxide walls and the fulleride phase play an active roll in charge transport
through the channels, a full electrochemical study on the intercalation and de-intercalation
o f Li is presented and a plausible interaction between the components is also discussed.

4.1. Experim ental section.
4.1.1. M aterials, Synthesis and Equipment.

All chemicals used in the synthesis were obtained and treated as stated in Chapter 2.
To a benzene suspension of Ta-TMSl previously reduced with 1.0 molar equivalents of
lithium naphthalene with respect to Ta was added excess C6o- After several days and
additional stirring to ensure complete absorption o f the fullerene, the material was
collected by suction filtration and washed several times with benzene. The material was
dried in vacuo at 10'3 torr on a Schlenk line until all condensable volatiles had been
removed. This material was characterized by Raman, XPS and elemental analysis to
ensure sample quality before proceeding with SQUID and conductivity studies. From the
elemental analysis data the molecular weight of Li fulleride composite of 373.87 g/mol
was calculated. The Na-fulleride material was prepared as described previously.193 All
composite materials were characterized by nitrogen absorption absorption/desorption,
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Raman and X-ray photoelectron spectroscopy (XPS), SQUID magnetometry and
elemental analysis as described in Chapter 2. Room conductivity measurements were
performed in the same manner, using the same equipment as discussed in Chapter 2. Xray diffraction (XRD) patterns (CuKa) were recorded in a sealed glass capillary on a
Bruker AXS D 8 -Discover diffractometer with 2D GADDS detector.
Solid-state 7Li and 13C NMR spectra were from obtained Spectral Data Services,
Champagne, Ilinois on a 363 MHz Oxford solenoid equipped with a Libra/NMR Kit
Tecmag operating system. Doty Scientific 7 mm probe was used for all experiments.
Samples were ground into a fine powder under an inert atmosphere and tightly packed
into Si3N 4 rotors, which were sealed with air-tight kel-F end caps. 7Li chemical shifts
were referenced to a 1.0 M solution of LiCl (5jso = 0.0 ppm). 7Li MAS NMR spectrum
was acquired with a spinning speed o f
100

8

kHz, recycle delay was 4 second and between

scans was acquired.

For 13C NM R glycine was used as a secondary reference to TMS (5jS0( 13C)) = 0.0 ppm.
Single-pulse 13C MAS NMR and
9 seconds, spinning speed of

8

13C{'H}

CPMAS experiments, with a recycle delays of

kHz, and with and without decoupling, were conducted.

The number o f transients collected varied from 600-786. The electrochemical cell was
set up with conventional three electrodes configuration.

The reference and counter

electrodes were lithium metal foils (Aldrich 99.99 %). Therefore, all potentials are noted
with respect to Li+/Li.

Electrolyte was 1M LiC104 in propylene carbonate (PC) or

dimethyl carbonate (DMC). The working electrode was made by deposition o f propylene
carbonate (Aldrich 99+ %) solution containing active material (tantalum oxide-alkali
metal fulleride composite) and polyvinyldiflouride (PVdF) with 9:1 mass ratio.
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The

electrodes were dried at 130 °C under vacuum overnight.

Cyclic voltammetry was

performed in three ranges: 1.5 - 3.5 V, 0.5 - 3.5 V, 0.005 - 3.5 V. The detailed conditions
are described in Results and Discussion section.

4.2. Results and Discussion.
4.2.1. Synthesis.

In previous work mesoporous oxide composites o f Na and K fullerides were
synthesized by treating a suspension o f the oxide in THF with a THF solution o f the
corresponding alkali fulleride. In order to synthesize Li analogues o f these materials it
thus seemed reasonable to start with mesoporous Ta oxide and a soluble Li fulleride
source.

However, initial attempts to prepare Li fullerides by conventional thermal

methods153,193 proved difficult as Li3C6o cannot be obtained phase pure without use of
elevated temperature in conjunction with a high pressure apparatus.194 Attempts to
synthesize stock solutions of Li3C60 in THF by treatment of C6o with Li naphthalene or
butyl lithium led only to formation of insoluble products which could not be used in
intercalation reactions. Owing to these difficulties, materials with variable Li:C6o ratios
were prepared by a second route involving treatment of mesoporous Ta oxide reduced
with 1.0 equivalents o f Li-naphthalene (leq.Li-TaTMSl)81 with excess C6o in benzene.
This route proved effective in the synthesis of potassium fulleride composites of
mesoporous niobium oxide156 and relies on the unique ability o f the alkylated
mesostructure to reduce the fullerene, rather than using an alkylated fulleride to reduce
the mesostructure. This route has the advantage that materials of different Li and C60
ratios can readily be made by simply varying the quantities of these two dopants. Over
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the course o f our work we discovered that materials treated with smaller amounts o f Li
are less effective reducing agents and absorb less C 6o, suggesting that the intercalation of
the fullerene is a process driven by electron transfer from the mesostructure.

81

•

•

•

This is in

accord with previous work in our group on potassium fulleride mesoporous niobium
oxide composites . 153,154

,53>154

For the sake of simplicity, we chose in this study to focus

on the material with 1.0 equivalent of Li with respect to Ta and a maximum amount of
L-60-

4.2,2. X-ray Powder Diffraction and Nitrogen Adsorption/Desorption.

Figure 23 shows the XRD patterns for the untreated mesoporous Ta oxide and the
material after treatment with Li naphthalene and C6 o- The main XRD peak falls at ca. d =
28

A in both

materials, demonstrating that the mesostructure has been retained and was

relatively unaffected by impregnation.

Figure 24 shows the nitrogen adsorption/

desorption isotherms of these two materials. The volume of nitrogen adsorbed at any
given P/Po has decreased, consistent with partial filling of the channels with fullerene
units. The BET (Brunauer-Emmet-Teller) surface area has dropped from 469 m2/g in
mesoporous Ta-TMS to 163 m2/g in the Li fulleride intercalate, while the HK (HorvathKawazoe) pore size decreased from 23

A to

18 A respectively.
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Figure 23. XRD spectra of a) pure mesoporous Ta oxide and b) Li composite material.
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Figure 24. Nitrogen adsorption/desorption isotherms of pure mesoporous Ta oxide (upper) and Li
composite material (lower).
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4.2.3. Raman Spectroscopy and Elemental Analysis Data.

The Raman spectrum of Li fulleride composite, shown in Figure 25b, indicated an Ag
band at 1462 cm '1. By comparison with the spectrum o f pure C6 o, which exhibits an Ag
mode at 1464 cm ' 1 (Figure 25a), it appears that no visible reduction o f C60 has occurred.
The slight difference between these two values was attributed to the accuracy o f Raman
spectroscopy, which is within + 2 cm '1. The absence o f visible reduction of C6 o in this
composite was further confirmed by the NMR data discussed below.

The elemental

analysis o f this material gave 23.2% C and 1.24 % H as compared to 3.71 % C and 1.26%
H in the starting mesoporous Ta oxide. The percentage of Li and Ta in the composite
material was 1.68 and 48.41%, respectively giving a molar ratio of Li:Ta:C as
0.79:1:7.23.This provides a Li:Ta:C 6 o ratio of 0.79:1:0.12.

oO

V''A/

WV

R am an shift (cm ’)

Figure 25. Raman spectra of a) pure

and b) Li composite material.
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4.2.4. Solid-state 7Li and ,3C NMR Measurements.

Solid-state 7Li MAS NMR experiments (Figure 26) show only one broad Li resonance
similar to the resonance observed in the material prior to treatment with Qo- Since there
is a narrow range o f shifts in 7Li NMR, assigning exact Li environments on the basis of
shift alone can be misleading. For this reason, a complete study o f the ?Li-NMR in Lireduced mesoporous Ti oxide is currently being completed by our group . 195 The I3C
CPMAS NMR spectrum of this material (Figure 27) shows a variety o f carbon species
with three distinct resonances at around 24, 72 and 143 ppm. Broad resonances at 24 and
72 ppm are assigned to THF used during the preparation of mesoporous material. The
narrow resonance centered at 143 ppm can be attributed to a single C 6 o species, and is
almost coincident to the resonance for pure fullerene , 175,196,197 consistent with the Raman
measurements. The absence o f any other resonances within 140-170 ppm range where
chemical shifts for multiple C6 on' species are normally observed further indicates that no
visible reduction of the fullerene has occurred.
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Figure 26. 7Li MAS NMR of Li fulleride composite (spinning sidebands are denoted with asterisks).
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Figure 27. I3C MAS NMR of Li fulleride composite. TMS here refers to trimethylsilyl.
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ppm

4.2.5. X-ray Photoelectron Spectroscopy.

The XPS Ta 4 f region o f this Li fulleride composite (Figure 28) displays 7/2, 5/2
emissions at 26.9 eV, and 28.7 eV, respectively. These are virtually identical to those
observed in the spectrum of pure mesoporous Ta oxide (26.9 eV and 28.7 eV), shown in
Figure 28 for the sake o f comparison.

in
z

32

30

28

26

24

22

20

Binding Energy (eV)

Figure 28.

XPS spectra o f the Ta 4 f 7/2, 5/2 region of a) pure mesoporous Ta oxide, b) leq.Li-

TaTMSI, c) Li fulleride composite.

These emissions appear at slightly higher binding energies than those observed in the
spectrum o f the materials reduced with 1.0 equivalents o f Li-naphthalene prior to
treatment with fullerene (26.7 eV and 28.5 eV), suggesting that some electron density has
been donated from the walls of the Ta oxide mesostructure to the fullerene phase. This is
consistent with Li transfer to the fulleride phase. The lack of observable change in peak
position with respect to pure unreduced C6o in Raman or 13C NMR spectra is not
unexpected, because Li does not give complete charge transfer into the tju band of C6 0 -
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This has been commented on before by Kosaka et a / . , 141 and generally leads to some
spectroscopic ambiguity in assigning exact values to the oxidation state o f Li fullerides.
For example, LisCsCeo has the Raman shift corresponding to n ~ 3.0, where n is oxidation
state o f fulleride . 141 The difference between Li and other alkali metals in this system is
further bom out in the XPS spectra of alkali metal reduced mesoporous Ta oxide. There
is relatively little change in the Ta 4 f emissions on reduction with 1.0 eq. Li (0.2 eV),
however mesoporous Ta oxide Na-fulleride composites show a range o f over 2 eV in the
Ta 4 f region, depending on Na loading level. 193 Thus, the relative oxidation states of
fulleride and Ta oxide in the Li composites are not as clearly defined from a
spectroscopic standpoint as they are for the Na/Ta composites studied previously.

In

previous work detailing the trend in Nb 3d binding energies with reduction by 1.0
equivalents of alkali metal (Li, Na, K, Rb, Cs), the smaller alkali metals consistently gave
higher Nb 3d binding energies (0.5 eV per row) than the larger alkali metals . 81 This is
consistent with a lower degree of charge transfer to the framework in those materials
reduced with smaller alkali metals. 156,193 These differences can be accounted for by the
differences in size, electronegativity and electron affinity between the alkali metals.
The region near the Fermi level is shown in Figure 29 and resembles that of analogous
composites studied in our group showing a noticeable but broad O sp emission and no
visible 5d states expected from a partially populated framework impurity band. The lack
of an observable d emission near the Fermi level is common in reduced mesoporous
oxides studied by our group and can be attributed to the broad dispersion o f d states in the
amorphous wall structure, or perhaps in this case, an incomplete charge transfer from the
Li to the Ta 5d band.
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Figure 29. XPS spectra of the valence region of a) pure mesoporous Ta oxide, b) leq.Li-TaTMSl, c)
Li fulleride composite.

4.2.6. Superconducting Quantum Interference Detector M agnetometery.

The

results

of

Superconducting

Quantum

Interference

Detector

(SQUID)

magnetometer measurements conducted on Li composite over the temperature range 4200 K at 500 G are shown in Figure 30 and 31. The plot of x vs. T (Figure 30) indicates
that this material has a strong temperature independent paramagnetism term o f 3.5x10' 1
emu/mol,

which

can

be attributed

to

Van-Vleck paramagnetism,

since Pauli

paramagnetism is not expected on the basis of the lack o f metallic behavior. The SQUID
X vs 1/T plot is shown in Figure 31 and indicates that this material obeys the Curie Law
from 10 to 140 K. Below this temperature the magnetization drops off, consistent with a
small degree o f spin glass behavior in these materials.

The Curie constant can be

calculated from this plot as 4.02 emu*K/mol with the effective magnetic moment
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Jieff.=1.724 B.M., consistent with approximately one unpaired electron per Ta. The plot
of 1/x vs. T was not linear, demonstrating that the Curie Weiss law does not provide a
better fit for these data.
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Figure 30. Plot of magnetic susceptibility versus temperature for Li fulleride composite.
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Plot of normalized molar magnetic susceptibility versus inverse temperature for Li

fulleride composite.
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4.2.7. Room T em perature Conductivity M easurem ents.

The conductivity o f the Li fulleride composite as measured by the four-point technique
at room temperature provided values of < 10' 7 ohm‘,cm '1.

This behavior contrasts

strongly to that observed in the Na and K analogues.

In previous work the

semiconducting-to-metallic nature of a broad range o f Na- and K- reduced mesoporous
Nb and Ta oxides was attributed to reduced fullerene species in the pores. In these one
dimensional mesoporous oxide alkali fulleride (AnC6 o) composites studied in our group, n
= 0.5 is always semiconducting, n = 2.5 is semiconducting in case o f potassium fullerides,
n = 3.0 is always insulating, and n ~ 4.0 is either a semi-metal or a metal. The different
conductivity o f the Li material once again underscores the difference between this alkali
metal and its larger congeners and further warrants detailed electrochemical investigation.
All other mesoporous oxide alkali fulleride composites, studied before , 153' 156,193 could be
further reduced by addition of alkali naphthalene reagents in THF. This allowed us to
chart the dependence o f conductivity and magnetic behavior on alkali metal loading level
and absolute composition and relate this to the physical properties o f bulk alkali fullerides
at similar levels of reduction. The most surprising result o f these studies were that the n =
3.0 state was insulating and the n ~ 4.0 state was metallic or a semimetal, the opposite of
what is observed (but not expected from calculations)

1 10 1 10 10A 100

> • •

in the bulk materials.

Attempts to reduce this new composite with Li-naphthalene in THF were unsuccessful
and led to no observable reaction. Since Li naphthalene is a strong enough reagent to
reduce either mesoporous Ta oxide or C6o, the fullerene units in these composites are
likely blocking the pores and preventing reduction within the channels. This suggests that
electron transfer from the alkali naphthalene reagent to the fulleride in the related
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composites studied previously is strongly dependent on conductivity through the
channels, because these materials are likely to have similar steric restrictions in the pores
as compared to the Li materials. Thus alkyl naphthalene reduction in these materials
likely occurs via reaction on the outside of the channels and subsequent charge transport
through the channels (hindered in the Li system by its insulating nature), rather than
movement of the alkali naphthalene reagent through the pores directly to the active site.
In order to further explore and verify the mechanism o f charge mobility in this system,
electrochemical studies were conducted.

4.2.8. Electrochem istry Measurements.
4.2.8.I. B rief Overview o f a Previous Study o f Electrochemistry o f Fuilerenes.

Electronic properties o f alkali fullerides have attracted much attention since the first
report o f superconductivity in K 3C 60 and subsequent reports of conducting films o f C60
and

C 70

by alkali metal doping.112,113 Molecular electronic states were suggested using

Huckel molecular orbital calculation that the highest occupied molecular orbitals
(HOMO) hu level has 5 filled orbitals (10 electrons) and the lowest unoccupied molecular
orbitals (LUMO) t]u level holds 3 empty orbitals. The LUMO-HOMO gap is expected to
be ~ 2 eV and the LUMO bandwidth 0.5 eV.198 Cyclic voltammograms o f fuilerenes C60
and C70 show similar features when dissolved in solvents such as CH 2 CI2 , THF, benzene,
etc., exhibiting at maximum

6

peaks due to successive one-electron charge transfers.

Their solution electrochemistry was reported to be complicated by different behaviors
depending on solvent and cycling rate . 199' 201 The electrochemistry o f solid C60 is rather
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different from its solution phase couterpart. Electrochemical intercalation o f lithium into
solid Ceo performed in an all-solid cell using the potentiostatic intermittent titration
(PITT) technique showed that the insertion proceeds by several steps .202 The first step is
insertion o f ~ 0.5 mol Li per C6 o, which opens the lattice structure to further, more
favorable, insertion. The next steps, related to the insertion o f up to 2 and 3 Li, were
associated with octahedral and tetrahedral sites o f the face centered cubic (fee) lattice.
Further insertion displayed a small shoulder and a successive larger peak, linked to the
transition to body-centered tetragonal (bet) phase and shear-distorted fe e tetragonal
phase .202 As a result, structural and electronic properties o f Li-metal doped fuilerenes
change in a complicated way, depending on charge transfer between fullerene and alkali
metals and the number o f Li centers involved.

In the case of alkali fulleride-doped

mesoporous Ta oxide composites, the charge transfer is expected to be more complex,
owing to the presence o f redox-active tantalum.

To study this process in detail,

electrochemistry is considered the most suitable tool, as it is able to closely scrutinize
charge transfer over the course of lithium insertion/extraction o f the composite.

4.2.8.2. Electrochem istry measurements o f Li fulleride and Na fulleride doped
mesoporous Ta oxide.

Since the lithium fulleride composites are insulating and the sodium fulleride
composites are semiconductors, we expect very different electrochemical behaviors.
Alkali-fulleride-intercalated mesoporous tantalum oxide composite has two active
components for electrochemistry: fullerene and tantalum. Tantalum oxide is known to
have very low reduction potential, which is accompanied by intercalation o f lithium ions
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from lithium-based non-aqueous electrolytes.203,204 As stated earlier, electrochemistry of
solid Cgo is complex and its cyclic voltammogram has several peaks related to different
sites and phase transition at high insertion ratio.

i qo
'

Because o f this, cyclic

voltammetry was conducted under various conditions, changing the voltage range and
cycling rate.
First, the voltage range was set to 1.5 ~ 3.5 V and the corresponding voltammograms
are shown in Figure 32. The lithium fulleride-tantalum oxide composite showed large
irreversible peak around 1.9 V, whereas two peaks can be observed around 2.1 V and 1.8
V for the sodium analogue, which decrease with continued cycling.

In contrast,

mesoporous tantalum oxide alone showed a small irreversible peak at 1.5 V, which
indicates the electrochemical behavior in the composites, originates from the fullerene
component. Chabre et al. demonstrated that electrochemical lithium intercalation into C6o
films occurs at 2.3, 1.9, 1.5, 1.0 and 0.8 V, where the first three peaks are related to the
insertion into octahedral and tetrahedral sites in the fe e lattice, and the last two are
associated with a phase transition to bet and bee phases, respectively .202

It was also

reported that the first three reactions are reversible, but the phase transition to bet phase is
not. In our experiments, only one (Li-based composite) or two (Na-based composite)
peaks can be observed (Figure 32a and b), and the 2.3 V peak is absent. The reason for
this is possibly because the space available in the Ta oxide channels is too narrow for the
fullerene molecules to develop strong lattice interactions, and that the small amount of
alkali metals residing in the as-prepared composites have already opened the lattice prior
to electrochemical Li insertion. There is, consequently, no 2.3 V peak related to latticeopening. In addition, the absence of reversibility may result from the strong interaction
between inserted lithium ions and tantalum oxide. It should be mentioned that the exact
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chemical ratio of Li interacting with fullerene is difficult to estimate because of the
presence o f reducible Ta framework which can compete for Li.
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Figure 32. Cyclic voltammograms for a) Li fulleride composite, b) sodium fulleride composite and c)
pure mesoporous tantalum oxide. Voltage was cycled at 1 mV/s between 1.5 ~ 3.5 V, propylene
carbonate was used as a solvent.

Next, the voltage range was enlarged to 0.5 ~ 3.5 V (Figure 9). Both samples showed
two new cathodic peaks around 1.5 and 0.75 V. The 1.5 V peak is very diminutive for the
lithium-based sample, but is more noticeable for the sodium-based composite.
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Even

though the two composites showed large difference in the current density (-30 mA/g for
the Li-based material and 150 mA/g for the Na-based one), both samples exhibit
reversibility for the 1.5 V peak. Such difference in current density can be related in part
to the different conductivity of the materials, however factors associated with the
transport o f lithium ions through the mesoporous structure may also be at play. In light of
these observations, the difference o f the interaction force between inserted lithium and the
host material may also contribute to the degree o f reversibility.
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Figure 33.

Cyclic voltammograms for a) lithium fulleride composite and b) sodium fulleride-

tantalum oxide composite. Voltage was cycled at 1 mV/s three times between 0.5 ~ 3.5 V, dimethyl
carbonate was used as a solvent.

94
R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

The 0.75 V peak exhibits some reversibility for both samples. About two-third of the
capacity was lost after the first cycle.

It should be noted that the 1.5 V peak is not

prominent for Li fulleride in voltage range 1.5 ~ 3.5 V (Figure 32a), however in a range
of 0.5 ~ 3.5 V it narrows and becomes more evident (Figure 33a). The reason for this is
not understood but could be due to the different electrolytes used during the
measurements (PC-based electrolyte was used to perform electrochemistry measurements
presented in Figure 32 and DMC-based was used for all other measurements). Generally,
PC and DMC show similar behavior as non-aqueous polar solvents. Even though the first
cycle o f the Li-composite is different for the 1.5 V peak, its position remains the same in
both cases and it becomes entirely the same after the second cycle. This suggests that a
kind of passivating layer forms in the first cycle for the DMC-based measurements.
Further expansion o f the voltage scope to 0.005 - 3.5 V after cycling between 0.5 ~
3.5 V (Figure 34), showed a large difference between the lithium-based sample and
sodium-based materials. The lithium-based sample showed two large irreversible peaks,
after which no further peaks were evident.

In contrast, the sodium-based composite

displayed a large featureless cathodic current increase. This rather irreversible behavior
is possibly due to the extraction and replacement of Na by Li, since standard reduction
potential of Na (~ 2.71 V vs. SHE) is higher than that o f Li (~ 3.04 V vs. SHE). Pulsedlaser-deposited amorphous Ta2 0 s exhibited similar electrochemical behavior.203,204 For
comparison, the cyclic voltammogram of pristine mesoporous tantalum oxide is also
presented. Besides an irreversible peak around 0 V, it shows a slightly reversible peak at
around 0.75 V. Therefore, the mesoporous tantalum oxide host has somewhat different
electrochemical characteristics from the corresponding amorphous analogue, probably
due to its mesostructure.
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Figure 34. Cyclic voltammograms for a) Li fulleride composite, b) sodium fulleride-tantalum oxide
c o m p o s ite a n d c) p u r e m e s o p o ro u s ta n ta lu m o x id e. V o lta g e w a s c y cle d a t 1 m V /s b e tw e e n 0.005 ~ 3.5

V, dimethyl carbonate was used as a solvent.

The cathodic peaks presented in Figure 32a and 34a are sharp, while the other peaks
(Figure 32b, 33a, 33b, 34b, 34c) are not. The appearance of such inferred peaks is most
likely related to a fast one step reaction while the broad and less intense peaks are due to
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gradual diffusion. The large surface area may contribute to surface site related current,
which is somewhat different from the bulk site related one. This is evident in the case of
the 0.75V peak in the pristine Ta2Os which is reversible, and not obvious for most
amorphous tantalum oxides. This peak could be assigned to the surface sites related to
the mesoporous structure.
Based on these results, Li insertion into the fulleride composites is irreversible except
for the ~ 1.5 V peak of Na-based composite. The appearance o f a reversible peak at ~
0.75 V in all composite materials as well as in pristine mesoporous Ta oxide is not
completely understood, but could be related to surface sites in the mesoporous structure.
The low level of reversibility in the Li-based composite is likely related to its insulating
nature which possibly results from the strong interaction between inserted lithium and the
walls o f mesostructure. In contrast to the electrochemical behavior in the Li fulleride
composites, the insertion of Li into pristine mesoporous tantalum oxide showed
reasonable reversibility. The fullerene units in the pores only facilitate reversible electron
transfer when they form an accessible conductivity pathway through the channels.
Otherwise, they only serve to hinder charge transport through the material for steric
reasons.

However, the mechanism o f charge transfer through the channels is still

ambiguous are many cases in zeolites in which reversible electrochemistry occurs at the
surface o f an insulating grain and charge transfer occurs via electrolyte counteractions
through the porous system.205,206 This mechanism may also be operative in this system.
In order to further delineate the nature of ion mobility in this system, a detailed 7Li NMR
study on Li-reduced mesoporous Ti and Ta oxides, relating the electrochemical data
presented here to the inserted Li sites, is forthcoming.195
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4.3. Conclusion.
Lithium fulleride composites of mesoporous Ta oxide were synthesized by treatment
of Li-reduced mesoporous Ta oxide with C6o in benzene and the material characterized by
Raman, XPS, XRD, nitrogen adsorption, elemental analysis, 13C and 7Li NMR, and
SQUID magnetometry. In contrast to analogous K and Na fulleride composites of similar
composition, these materials were insulating and could not be further reduced by
chemical means.

Electrochemical studies were conducted to compare Li insertion/de

insertion behaviors o f this composite to previously synthesized Na fulleride mesoporous
Ta oxide composite, and to pristine mesoporous tantalum oxide. The results o f these
studies showed that Li insertion into the fullerene composites is rather irreversible in the
Li material and more reversible in the more highly conducting Na analogue.
Comparisons with the Li insertion into pristine mesoporous Ta oxide suggest that
fullerene doping adversely affects charge transfer unless the fullerene chains are highly
conducting.
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Chapter 5. Electronic Properties and Spectroscopic Investigation of
Mesoporous Tantalum Oxide with Rb Fullerides in the Pores.
In Chapter 2, it was shown that encapsulation o f Na 3 C 6o into the mesoporous Ta oxide
leads to the formation of one-dimensional conducting wires. The oxidation state of the
incorporated fulleride can be readily tuned by addition o f a predetermined quantity of
sodium naphthalene. The room temperature conductivity pattern as a function o f sodium
reduction level displayed a conductivity minimum at n = 3.0, and a maximum at n = 4.5.
The variable-temperature conductivity measurements demonstrated that both the n = 0.5
and n = 4.5 materials were semiconductors. Solid-state 13C NMR experiments revealed
presence of multiple fulleride species in both the n = 0.5 and the n = 4.5 composites, but
"I
1
almost exclusively C 60 in the n = 3.0 material. The presence o f almost exclusively C6o '
in the insulating n = 3.0 material is intriguing, because it allows us to draw some
comparisons with bulk n = 3.0 fullerides, increasingly viewed as hole-doped MottHubbard insulators.
In Chapter 4, we exploited the electronic properties and electrochemistry of Li
fulleride doped mesoporous Ta oxide. The room temperature conductivity measurements
showed that this material was insulating, in contrast with Na-fulleride composites,
discussed in Chapter 2. Moreover, attempts to reduce this composite with Li-naphthalene
in THF w ere unsuccessful and led to no observable reaction. Solid-state 7Li NMR o f this

lithium composite exhibited a single Li environment. XPS measurements indicated an
oxidation o f the tantalum oxide walls had occurred upon intercalation o f the fullerene.
I^

C NMR and Raman measurements were consistent with one fulleride species in the

pores.

Electrochemical measurements revealed largely irreversible behavior upon
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intercalation/de-intercalation of Li+ into this material.

This was attributed to the

insulating nature o f this composite impeding charge transport through the channels. In
contrast, the corresponding Na fulleride intercalate showed reversible Li insertion,
possibly due to enhanced charge transport through the semiconducting structure.
Because Rb fullerides possess a higher Tc than K fullerides (Li and Na fullerides are
not superconducting) and 87Rb is an extremely receptive and useful NMR probe (much
larger shift range than 23Na N M R ), we chose to synthesize and investigate a new series
of mesoporous Ta oxide Rb fulleride composites in hope that we could gain more insight
into the relationship between local structure and the unusual conductivity patterns in this
class of materials.

5.1. Experimental Section.
5.1.1. M aterials and Equipment.

All chemicals used in the synthesis were obtained and treated as stated in Chapter 2.
All Rb composite materials were characterized by nitrogen adsorption/desorption data
Raman and X-ray photoelectron spectroscopy (XPS) and elemental analysis as described
in Chapter 2.

Room and variable temperature conductivity measurements were

performed in the same manner, using the same equipment as described in Chapter 2. X-

ray diffraction

(XRD)

patterns

(CuKa)

were

recorded in a sealed glass capillary on a

Bruker AXS D 8 -Discover diffractometer with 2D GADDS detector. Solid-state 87Rb and
13
C NMR experiments were conducted on a Varian Infinity Plus 9.4 T wide-bore NMR
spectrometer operating at v0 (87 Rb) = 130.81 MHz and v0 ( 13C) = 100.52 MHz, using a
Varian/Chemagnetics 4 mm double-resonance MAS probe (operating in single-resonance
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87Rb or double-resonance 'H -^C configurations). NMR experiments were conducted on
bulk Rb3 C60, as well as on a series of mesoporous Ta oxide Rb fulleride intercalates.
Samples were ground into fine powders under a nitrogen atmosphere and tightly packed
into 4 mm outer diameter zirconium oxide rotors, which were sealed at both ends by air
tight Teflon caps and spacers.
Rubidium chemical shifts were referenced to 1.0 M RbNCh solution 5iso(87 Rb) = 0
ppm).

For both solid-state 87Rb static and magic angle spinning (MAS) NMR

experiments, a spin-echo pulse sequence o f the form

[ ( 7 i / 2 ) x- T i - ( 7 i ) y -

X2 -acquire] was

applied (where x i and x 2 are the inter-pulse delays). The central transition selective n il
pulse widths ranged from 1.45 ps to 4.0 ps, with rf fields ranging from Vi = 42.7 kHz to
85.9 kHz. Inter-pulse delays ranged from 35 ps to 100 ps for static echo experiments.
For MAS experiments, samples were spun at vrot - 7 kHz - 12.7 kHz, and inter-pulse
delays were set to l/vrot.

Recycle delays for all composite materials samples were

calibrated to 0.5 s or less, with the exception of the pure Rb 3 C 6 o sample, for which a
recycle delay o f 2 s was utilized. Between 20,000 and 40,000 transients were acquired
for all static NMR experiments.

The number o f transients acquired for MAS NMR

experiments range from ca. 320 to 17,000, and ca. 10,900 to 22,600 for satellite transition
(SATRAS) N M R experiments207 in which the entire satellite transition manifold was
acquired. Variable-temperature NMR experiments were performed on composites n = 3.0
and n = 4.0 over a temperature range of-120°C to +25°C for the former and from -120°C
to +100°C fo r the latter.
Carbon chem ical shifts were referenced to TMS 8iSO( 13C) = 0 ppm) by setting the highfrequency resonance of adamantane to 38.57 ppm.

Solid-state

13 C{!H}

MAS NMR

experiments were conducted on all samples with high power continuous wave proton-
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decoupling (v2 ('H ) = 35 - 58 kHz) where appropriate. The tc/2 pulse widths ranged from
ca. 3.38 ps to 4 ps (vi(13C) = 62.50 kHz to 74.03 kHz).

The recycle delays were

calibrated between 9 s to 40 s, and the number o f collected transients ranged from ca. 544
to 8400. 13C{'H} VACP/MAS NMR experiments were performed only on samples n =
1.0, n = 3.0 and n = 4.0, using *H 7i/2 pulse widths o f 4 ps (vi('H) = 58.14 kHz),
calibrated pulse delays between 6 s to 10 s, optimized contact times from 2 ms to 4 ms
and involved the collection o f approximately 532 to 6500 transients.

5.1.2. Synthesis.

Rb3C6o was synthesized by heating stochiometric amounts o f C6o and Rb together in a
vacuum sealed tube at 400-450°C for two months with periodic regrinding to ensure the
homogeneity o f the material and was then characterized by Raman and XRD to ensure
sample quality before proceed with synthesis of composite materials. The composites
were synthesized as follows: an excess o f Rb 3 C6 o was added to a suspension of
mesoporous tantalum oxide in dry THF. The mesoporous solid immediately changed in
color from light faun to deep gray-brown. After several days o f additional stirring to
ensure complete absorption of the fulleride, the reduced material was collected by suction
filtration and washed several times with THF. Once synthesized, the material was dried
in vacuo at 10‘3 torr on a Schlenk line until all condensable volatiles had been removed.
Further reduction o f these materials was accomplished by addition o f a predetermined
quantity (calculated on the basis of %C in the material, corrected for C due to TMS
groups) of a stock solution o f rubidium naphthalene in THF to a stirred suspension o f the
composite in THF.

After stirring overnight the material was collected by suction
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filtration and washed several times with benzene until the washings were colorless. The
material was then dried in vacuo at 10' 3 torr on a Schlenk line until all condensable
volatiles had been removed.

All materials were characterized by Raman, XPS and

elemental analysis to ensure sample quality before proceeding with SQUID and solidstate NMR studies.

Room-temperature electron transport studies were conducted in

triplicate in an inert atmosphere, allowing the system to stabilize for 30 minutes for each
reading to ensure reproducibility. From the elemental analysis data on composites with
fulleride oxidation states o f n = 1.0, 3.0, and 4.0 molecular weights o f 512.38, 590.73 and
602.93, g/mol, normalized with respect to 1 mole o f Ta, were calculated.

5.2. Results and Discussion.
5.2.1. Nitrogen Adsorption/Desorption and X-ray Powder Diffraction.

Treatment o f a sample of mesoporous Ta oxide with an excess o f Rb 3 C<5o in THF over
two weeks, until the maximum absorption o f

Rb3C6o was

reached, provided a new dark

brown powder (parent material). The BET (Brunauer, Emmett, Teller) surface area of
this material dropped to 228 m2/g as compared with 483 m2/g in the starting material,
whereas the HK (Horvath-Kawazoe) pore size decreased from 22

A to

19 A. The loss of

surface area and slight decrease in pore size in mesoporous transition metal oxides upon

absorption

of

large molecules is consistent

with

our previous results.153’ 156,193

The

nitrogen adsorption/desorption isotherm (Figure 35) was virtually the same as the starting
material except for a small hysteresis in the parent material which is due to the
“bottleneck” shape o f the pores. The decrease o f nitrogen adsorption in the composite
material is consistent with occlusion o f the pores with fulleride units.
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Figure 35. Nitrogen adsorption/desorption isotherms of mesoporous tantalum oxide before (upper)
and after (lower) treatment with Rb3C60.

The X-ray powder diffraction pattern for all composite materials (Figure 36) indicated
very little change with major peak falling at ca. d = 32 A, similar to that of pure
mesoporous Ta oxide, thus demonstrating complete retention o f the mesostructure upon
impregnation with Rb 3 C 6o and its further reduction. The X-ray powder diffraction pattern
of mesoporous Ta oxide reduced only with 1.0 equivalents of Rb-naphthalene “free” from
C$0 (“blank” sample or leq.Rb-TaTMSl) is also shown in Figure 36 for the sake of
comparison.
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Figure 36. XRD spectra of a) pure mesoporous Ta oxide, b) n = 1.0, c) n = 3.0, d) n = 4.0 and e)
leq.Rb-TaTM Sl

5.2.2. R am an Spectroscopy.

The Raman spectra (Figure 37) of this new material showed a fulleride Ag peak at 1459
cm '1, indicating an oxidation state of fulleride n = 1.0 which is different from K- and Nafulleride systems studied before . 155,193 In the case o f K- and Na- fulleride intercalates the
Ag band was centered at around 1461 cm '1, consistent with the oxidation state of fulleride
n = 0.5. The shift o f the Ag band to the region of lower wavenumbers is likely due to the
stronger reduction potential of Rb as compared with N a and K analogues. Due to its

sensitivity to the oxidation state o f fullerides Raman spectroscopy is extensively used in
the characterization o f alkali fullerides.

Thus, the change in oxidation state of the

fulleride units upon reduction with Rb-naphthalene was monitored by Raman
spectroscopy and selected spectra of composite materials are shown in Figure 37. The Ag
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band for the composites reduced with 3 and 4 equivalents of Rb-naphthalene revealed
values of 1447 cm ' 1 and 1441 cm '1. This corresponds to the oxidation state of C6 o units of
n = 3.0 and n = 4.0, respectively.
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Figure 37. Raman spectra of a) n = 1.0, b) n = 3.0, c) n = 4.0 materials.

5.2.3. X-ray Photoelectron Spectroscopy.

The X-ray photoelectron spectrum o f the parent material is shown in Figure 38b and
displays Ta 4/7/2, 5/2 emissions at 26.4 and 28.3 eV as compared with 26.9 and 28.7 eV
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in the pure mesoporous oxide (Figure 38a). The broad emissions in this region are due to
the presence o f more than one Ta species in the walls o f the structure. The XPS spectra
of the material treated with 1.0 equivalents o f Rb-naphthalene without fulleride (leq.RbTaTMSl) is shown in Figure 38e revealed extremely broad Ta 4/7/2, 5/2 emissions at ca.
26.3 and 27.9 eV. Because these emissions are very broad and most likely correspond to
the presence o f mixed oxidation states it is difficult to estimate the exact oxidation state
of mesoporous Ta framework which is roughly falls between 4.7+ and 4.3+.
The Ta 4/7/2 and 5/2 region for the materials at n = 3.0 and n = 4.0 showed no further
reduction o f the walls o f the mesostructure has occurred on addition o f Rb-naphthalene,
however substantial peak broadening indicative o f presence of mixed oxidation states was
observed (Figure 38c and 38d).
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Figure 38. XPS spectra showing Ta 4 f 112,512 region for a) pure mesoporous Ta oxide, b) n = 1.0, c) n
= 3.0, d) n = 4.0 and e) leq.Rb-TaTMSl samples.
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The region near the Fermi level for the parent material is shown in Figure 4b and
exhibits one broad emission tailing off at 4.0 eV for the 0 2p valence band similar to
other intercalate systems, studied before . 156,193 In case o f leq.Rb-TaTMSl the emission
near the Fermi level is even broader, tailing off at around 2.6 eV, indicating an increase in
the density o f states, yet the room temperature conductivity o f this material measured by
four-point method provide values less than 10' 7 ohm ' 1 cm '1. This is consistent with other
alkali metal reduced mesoporous oxides. The lack o f any discemable peak for the Ta 5d
level is typical of reduced mesoporous transition metal oxides, where the amorphous
nature of the walls leads to a broadened distribution o f electronic states . 81

The valence

region near the Fermi level for the n = 3.0 and n = 4.0 materials is shown in Figure 39 and
displays a broad hump for the O 2p emission tailing off at about 4.0 eV for the n = 3.0
material, and at ca. 3.0 eV for the n = 4.0 material. The increased density o f states near
the Fermi level in the n = 4.0 material suggests an increase in conductivity o f this
material, as electron transport in bulk fullerides is closely related to the density o f states
•

near the Fermi level.

R1

•

•

This is similar to what was observed for the n = 4.0-4.5 potassium

and sodium fulleride composites studied previously by our group, and was attributed to a
raise in the cooperative behavior between the conduction band o f the mesostructure and
the fulleride tju band . 156

This data is in a good agreement with our conductivity

measurements data discussed below.
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Figure 39. XPS spectra showing region near the Fermi level for a) pure mesoporous Ta oxide, b) n =
1.0, c) n = 3.0, d) n = 4.0 and e) leq.Rb-TaTMSl samples.

5.2.4. Room- and Variable- Temperature Conductivity M easurements.

To explore the effect of rubidium loading level and the oxidation state o f fulleride in
the composite on conductivity, a series of composite materials were prepared by gradual
titration of the parent material with small amounts o f Rb-naphthalene from a stock
solution of known molarity, calculated on the basis of %C in parent material. The change
in oxidation state o f the fulleride units was readily monitored by Raman spectroscopy as
described above. Figure 40 shows a plot of the log of conductivity at room temperature
versus oxidation state o f fullerene and exhibits a single maxima at n = 4.0. This pattern is
in contrast with K 3 C 60 intercalates of mesoporous Nb, Ta, and Ti oxide, where double
maxima at n = 2.5 and n ~ 4.0 were observed , 153" 156 but similar to Na/Ta system, where a
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single conductivity maxima at n = 4.5 was noted . 193

The reason for the lack of a

maximum between n = 2.0 and n = 3.0 is not understood, but may be due to the different
electronic properties o f Rb- and Na- fullerides and K fullerides.
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Figure 40. Plot of log of conductivity versus the oxidation state o f fulleride at room temperature.

Since room-temperature conductivity measurements provide only a limited amount of
information on the electronic properties of a material, variable-temperature conductivity
measurements were employed for the n = 1.0 and n = 4.0 materials. The other materials
in this study were too insulating to provide meaningful voltage readings over a broad
temperature range. Figure 41 shows a plot of the log o f conductivity versus 1/T. The n =
1.0 composite behave as a semiconductor down to 230 K, below which a transition to a
more insulating state occurs. The material at n = 4.0, on the other hand, behaves like a
semi-metal or narrow band gap semiconductor with a transition to an insulator at around
150 K.

These transitions are typical for one-dimensional materials and are normally
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attributed to a Peierls distortion due to formation charge density waves resulting in
electron localization.
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Figure 41. Plot of log of conductivity vs. 1/T for n = 1.0 and n = 4.0 samples.

5.2.5. Elemental Analysis Data.

The elemental analysis of the parent material gave values o f 32.39 % C as compared
to 3.36 % C in the starting material. These data are consistent with absorption of the
fulleride from the THF solution. Table 4 summarizes the C:Ta:Rb ratios o f the materials
for n = 1.0, n = 3.0, and n = 4.0. The %C analysis o f these materials shows that the
carbon loading level gradually drops as more rubidium is introduced into the system.
This trend is consistent with K 3 C60 intercalates, which show a general decrease in
carbon loading from ca. 30% to ca. 10% as the fulleride is gradually reduced to n = 3.0.
The progressive leaching o f fulleride from the channels of the mesostructure at lower
potassium loading level was previously explained by an increase in Coulombic repulsion
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between the fulleride units with increased potassium loading level, essentially pushing the
fulleride out o f the pores, as well as the higher solubility o f n = 3.0 fullerides in THF as
compared to less reduced species. 155 The observation of gradual carbon leaching at
higher level o f reduction is important as it further supports our hypothesis that
conductivity in these composite materials does not depend as strongly on absolute carbon
level as it does on oxidation state of the fulleride . 193

Table 4. Table o f elemental analysis values for samples of mesoporous tantalum oxide intercalated
with rubidium fulleride at various level of reduction.

Rb %

M olar ratio (C:Rb:Ta)

32.39

35.28

21.7

13.85:1.3:1

n = 3.0

24.89

30.64

25.54

12.25:1.77:1

n = 4.0

17.97

30.02

26.95

9.03:1.91:1

11

Ta %

C

C %

O

Sample ID

i
5.2.6. Superconducting Q uantum Interference Detector M agnetom etry.

Superconducting Quantum Interference Detector (SQUID) magnetometer measurements
over the temperature range 4-200 K at 500 G were performed for n = 1.0, 3.0 and 4.0
materials and shown in Figure 42 and 43. The plot of % vs. T (Figure 42) indicates that
all the materials are paramagnetic and possess both free-spin Langevin and temperature
independent (Van Vleck) paramagnetism.

The plot x vs. 1/T shown in Figure 43

demonstrates that these materials strictly obey the Curie law from 4 to 200 K with the
Curie constants shown in Table 5. The absolute values of the magnetic moments for
these materials were calculated and showed a substantial increase as more rubidium is
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introduced into the pores, corresponding to an increase in unpaired electrons in the
system.

Table 5. Table o f temperature-independent paramagnetic term, Curie constant and effective
magnetic moment (p«n) from Table 4.

Temperature-independent
paramagnetic term (emu/mol)

Curie constant
(emu*K/mol)

peff i B.M.

1 .0

0.162

0.82

0.78

n = 3.0

0.107

1 .1

0.91

O

0.307

1.23

0.95

Sample ID

n=

II
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Figure 42. Plot of magnetic susceptibility versus temperature for a) n = 1.0, b) n = 3.0 and c) n = 4.0
materials.

113
R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

6.00E-01

tT

5.00E-01

E

4.00E-01

3.00E-01

o

2.00E-01

J*

1.00E-01
0 .0 0 B-00

------------- ,--------------,------------- ,--------------

0.00

0.05

0.10

0.15

0.20

1/Temperature (1/T)

Figure 43. Plot of normalized molar magnetic susceptibility versus inverse temperature for a) n =
1.0, b) n = 3.0 and c) n = 4.0 materials.

5.2.7. Solid-state 87R b and ,3C NMR

In order to gain further insight into coordination and structural geometry o f fulleride in
these Rb fulleride composites, solid-state

R7

Rb and

1T

C NMR measurements were carried

out. In our previous NMR investigations of mesoporous tantalum oxide Na fulleride
composites, reported in Chapter 2, it was found that it is possible to distinguish various
types o f sodium species via straightforward 23Na magic-angle spinning (MAS) NMR
experiments . 193

Three different types of sodium sites were differentiated, including

sodium ions in the mesoporous channels, sodium ions confined in the Ta oxide
framework, and sodium ions that are associated with the different species of fullerides.
87Rb is very amenable to NMR experimentation due to its high receptivity. 87Rb NMR
has proven to be an invaluable probe o f the structure of alkali fullerides, 117,172 and has
also been used to probe Rb ion environments in a variety of materials, including Rb salts
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intercalated into y-alumina, 208 Rb ions in halide lattices , 209 Rb' ions in zeolite LiA , 167
rubidium cations in various sites in zeolites NH4Y and LTA .210,211

As for sodium

fullerides encapsulated into mesoporous metal oxides, or rubidium sites in microporous
solids, the different chemical environments o f the alkali metal species in mesoporous
tantalum oxides should induce quadrupolar and chemical shielding interactions which can
be used to build an understanding o f the molecular structure and dynamics in these
composite materials. The rubidium chemical shift range is also considerably larger than
that of sodium , 212 so it is possible that additional species that could not be identified by
23Na NMR experiments will be observed in the 87Rb NMR spectra.

Additionally, 13C

MAS and 13C variable-amplitude cross polarization VACP/MAS experiments were
employed to identify the carbon-containing species in these composite materials, as well
as to monitor changes in the oxidation states o f the fullerene species. Before proceeding
with the discussion on NMR data o f our composites it is prudent to review solid-state
NMR data for pristine Rb 3 C6 o.

5.2.7.I. Solid-state 87R b and 13C NMR of Rb 3 C60.
Previously acquired 87Rb NMR spectra of pristine Rb 3C6o demonstrated the presence
of tetrahedral (T) and octahedral (O) sites at 440 K with a ratio o f 2 :1.213,214 As the
temperature falls below 370 K, there is an additional resonance which is attributed to a
second type o f tetrahedral Rb site (T’).

Spin-echo double resonance (SEDOR) NMR

experiments suggest that all three sites originate within the same phase .213

It was

suggested that the T ’ site may arise from unique orientations or differential motion of the
Cgo molecules at lower temperatures (i.e., which deviate from the fe e structure of
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Rb 3 C 6o) , 213,214 Jahn-Teller distortion of the C 6 o3' molecules or even localization o f excess
charge density at the T ’ sites, though most o f these claims were disproved . 172 Later 87Rb
NMR studies by Zimmer et al. revealed fine structural detail in MAS NM R experiments
not observed in previous static NMR experiments, 215 and 2D chemical exchange spectra
showed no exchange between the various Rb sites .216

The authors suggested that

diffusion o f Rb atoms between vacancies is a possible explanation for differentiation of
the T and T ’ sites in the 87Rb spectra, though this was later shown not to be the case by
Gorny et a l . , 217 who suggested that the differences in the T and T ’ sites likely arise from
variations in the surroundings.
Our own 87Rb static NMR experiments on Rb 3 C 6o reveal three relatively broad powder
patterns centred at 80 ppm, -11 ppm and -135 ppm (Figure 44a), in agreement with
previously acquired NMR data.

^70 ]7

1 A^t o

’ ’ ’

The centres of gravity of these patterns are

assigned to the Rb ions in T’, T and O sites, respectively. 87Rb MAS NMR experiments
serve to narrow the broad patterns substantially (Figure 44b), revealing some secondorder structure in the two lower frequency patterns, and centres o f gravity at 80 ppm,

2 .2

ppm and -123 ppm. The corresponding 13C MAS NMR spectra (Figure 44c and 44d) has
a sharp peak centred at 182.8 ppm as well as a broad non-uniform peak near 195 ppm.
The former peak is assigned to C 6o3

, 172

while the latter peak may reflect a distribution of

chemical shifts arising from some disorder in the sample, or from other nonstoichiometric rubidium fulleride species, similar to that of observed in N a 3 C6 o- There are
also some relatively weak signals at 144 ppm and 111 ppm, which are assigned to
unreacted C 6 o175 and Teflon contained within the sample spacers, 174 respectively.
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Figure 44. a) 87Rb static NMR spectrum and b) 87Rb MAS NMR spectrum (vrot = 12 kHz) o f Rb3C6o
at 9.4 T. c) 13C MAS NMR spectra of Rb3C60 at vro, = 5.3 kHz and d) 13C MAS NMR spectra of
Rb3C6o at vrot= 8.7 kHz

These results are in agreement with previously acquired NMR data.

17 7 0 1 0 1 4 0 1 8

’ ’ ’

The

centres of gravity o f these patterns are assigned to the Rb ions in T’, T and O sites,
respectively .213

MAS NMR experiments narrowed the broad patterns substantially

(Figure 44b) and revealed some second-order structure in the two lower frequency
patterns, and centres o f gravity at 80 ppm, 2.2 ppm and -123 ppm. The corresponding 13C
MAS NMR spectra (Figure 44c and 44d) have a sharp peak centred at 182.8 ppm as well
as a broad non-uniform peak near 195 ppm. The former peak is assigned to C6 o3 ,219
while the latter peak may reflect a distribution of chemical shifts arising from some
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disorder in the sample, or from the presence o f other non-stoichiometric rubidium
fulleride species similar to those observed in the spectrum o f Na 3 C 6 o- There are also
some relatively weak signals at 144 ppm and 111 ppm, which are assigned to unreacted
C6o175 and Teflon contained within the sample spacers,174 respectively.

5.2.7.2. Solid-state 87Rb MAS NMR of Rb composites.

In order to make more direct comparisons between bulk phase o f Rb 3 C6o and
mesoporous composite materials, and in efforts to elucidate the effect o f coordination
geometry of both the fulleride and rubidium species on the unusual electronic properties
o f the composite materials, solid-state 87Rb MAS and static and 13C NMR measurements
were employed for the samples with n = 1.0, n = 3.0, n = 4.0 as well as for leq,RbTaTMSl, which is Cgo - “free”
The room temperature 87Rb MAS NMR spectrum o f leq.Rb-TaTMSl (Figure 45a)
possesses a major sharp peak at 130 ppm, as well as two other minor resonances at 119.1
ppm (sharp) and 65 ppm (broad). There is also an extremely broad powder pattern at ca.
0 ppm which spans ca. 350 kHz (see inset of Figure 45a), underlying the main peak and
spinning sidebands. The major sharp resonance at 130 ppm corresponds to Rb ions in the
channel of the mesostructure. The origin of peaks at 119 ppm and 0 ppm is not know for
certain, but is likely related to the unique Rb environment in the channels, or perhaps in
smaller microporous channels. Peaks such as these were not observed in analogous the
23Na NMR experiments on tantalum oxide reduced with Na-naphthalene,193 either
because the sites simply did not exist or were not resolved in the reduced sodium
chemical shift range (i.e., sites may have had overlapping resonances). These peaks may
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also be due to formation o f rubidium tantalate phase due to slight overreduction of the
framework. Previous work in our group demonstrated that treatment o f mesoporous Ti
oxide with more that 1.0 equivalent of Li-naphthalene reagent led to destruction o f the
mesostructure and formation of numerous lithium titanate phases.81
The broad underlying pattern at ca. 65 ppm likely from the presence o f Rb ions which
are confined within the metal oxide framework (i.e., Rb ions which are strongly
interacting with oxygen atoms at o f the metal oxide framework and/or tightly bound
surface species). This is consistent with XPS spectrum which suggests substantial
reduction o f the Ta oxide walls by Rb-naphthalene.
The 87Rb MAS NMR spectra o f mesoporous Ta oxide RbsCeo intercalates is shown in
Figure 45b and inset. There is one major sharp peak at 131 ppm with numerous spinning
sidebands, as well as a smaller resonance at ca. -8 ppm.

None o f the 87Rb NMR

resonances observed for the pure phase Rb3 C6o are observed for this sample or for any of
the other composite materials (vide infra).

The small resonance at -8 ppm likely

corresponds to Rb species associated with a fulleride phase.

The absence of visible

resonances found in leq.Rb-TaTMSl in parent material is not surprising as this material
showed a lower level o f reduction o f the Ta framework.
The 87Rb MAS NMR spectra o f the n = 3.0 material (Figure 45c) is almost identical to
the spectra o f the parent material. The peaks correspond to Rb ions within the channel of
parent and the n = 3.0 materials have almost identical FWHH o f ca. 320 Hz. The only
noticeable differences are (i) a very subtle peak near 65 ppm and (ii) the absence o f a very
small peak near -8 ppm. The spinning sideband manifold extends a similar distance as
compared to the spectra o f the parent material, indicating that the quadrupolar interactions
are similar. The peak at 65 ppm (Figure 45c) likely corresponds to confined Rb ions
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consistent with the peak at the same position in leq.Rb-TaTMSl, and the progressive
reduction o f the mesoporous tantalum oxide as evident from XPS measurements (Figure
38).
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Figure 45. 87Rb MAS NMR spectra of a) leq.Rb-TaTMSl, b) n = 1.0, c) n = 3.0 and d) n = 4.0
composites. Inset: Vertical expansions of isotropic chemical shift regions.

The 87Rb MAS NMR spectrum of the n = 4.0 material appears to combine elements of
all of the other composites (Figure 45d). The usual sharp “channel” Rb site is present as
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evidenced by a peak at 130 ppm. There is a pronounced resonance at 65 ppm, similar to
that observed in the leq.Rb-TaTMSl and n = 3.0 samples which corresponds to confined
Rb ions in the walls o f mesostructure. Finally, there is also a very broad, high intensity
peak centred at ca. -75 ppm. This peak most likely associated with the Rb associated with
of one or more fulleride species.

5.2.7.3. Solid-state 87R b static NM R of Rb composites.

Static 87Rb NMR spectra of leq.Rb-TaTMSl (Figure 46a) displayed two main powder
patterns. The resonances at 130 and 119.1 ppm overlap, giving rise to a single broad
powder pattern with a centre of gravity at 133 ppm and a FWHH o f ca. 2.2 kHz, while the
second powder pattern is centred at 65 ppm with a FWHH o f ca. 6.3 kHz. The relative
integrated areas of these powder patterns are 3:1 in favour o f the higher frequency
pattern. Thus the addition o f Rb-naphthalene to the mesoporous tantalum oxide yields
“channel” Rb ions as well as confined Rb ions.
In a vertical expansion of the 87Rb static NMR spectrum o f the n = 1.0, a broad
underlying powder pattern centred at ca. -10 ± 10 ppm is observed (Figure 46b). The
intense peak at 131 ppm corresponds to Rb cations in the channels o f the mesoporous Ta
oxide, whereas the latter broad peak near

-1 0

ppm arises from the presence of one or

more Rb species associated with fulleride units. This is consistent with 13C NMR data
discussed below.

The absence of visible resonances at around ca. 65 ppm is not

surprising as this quite weak resonance is most likely obscured by Rb fulleride species
which are dominant in this case.
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The static 87Rb NMR spectrum of the n = 3.0 composite is very distinct from that of
parent and leq.Rb-TaTMSl materials (Figure 46c). The main sharp resonance is present,
as usual, while a second very broad powder pattern is also observed, suggesting the
presence of a significant amount of Rb ions associated with a fulleride phase. The broad
underlying pattern for the n = 3.0 sample extends in the high and low frequency
directions, likely resulting from overlap o f several broad patterns. Unfortunately, this
pattern could not be deconvoluted.

The resonance at 65 ppm observed in leq.Rb-

TaTMSl sample is also more prominent in this sample.
•

The static

#7

Rb NMR spectrum of the n = 4.0 composite (Figure 46d) is consistent with

increased intercalation o f Rb ions into the walls of mesostructure relative to the n = 1.0
and n = 3.0 sample upon increased reduction to the n = 4.0 state. The reduction of the
walls is also supported by XPS data (Figure 38). The resonance at -75 ppm, previously
assigned to Rb associated with a particular fulleride phase is also prominent. The relative
integrated area o f channel (130 ppm) to confined (65 ppm) to fulleride related (-75 ppm)
is ca. 8:1:14, indicating the presence of the substantial amount of Rb ions associated with
fulleride.
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Figure 46. 87Rb static NMR spectra of a) leq. Rb-TaTMSI, b) n = 1.0, c) n = 3.0 and d) n = 4.0
composites. Inset: Vertical expansions and deconvolution o f peaks.

5.2.7.4. Variable-tem perature 87Rb NM R o f Rb fulleride composites.

Variable temperature solid-state NMR is a very useful analytical tool widely applied to
probe into temperature dependant motion in solids.

The change of structure with

temperature is closely related to metal-insulator transitions in one-dimensional solids.
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Because o f this, variable-temperature 87Rb NMR experiments were conducted on the
most insulating (n = 3.0) and the most conducting (n = 4.0) composite materials. The
87Rb resonances which are assigned to channel Rb ions in n = 3.0 and n = 4.0 samples
shifts to high frequency as the temperature is lowered (Figure 47a and 47b). A similar
0< 7

temperature response is also observed for the smaller

Rb resonance near 65 ppm at

room temperature o f n = 4.0 sample (Figure 48). Interestingly, an analogous temperaturedependent shift was not observed for the channel Na ions in the 23Na NMR spectra in
Na/Ta system,193 though the minor 23Na resonance o f Na ions closely associated with
fulleride species did exhibit similar high frequency shifts with decreasing temperature.
The broad powder pattern centered at -60 ppm at +100°C (Figure 48) shifts in the low
frequency direction to -185 ppm at -120°C. It is known that at lower temperatures in
solids the thermal motions in the solid are decreased, leading to a reduction in the
motional averaging.220,221 As a result, increases in the values of C q are typically observed
with decreasing temperature, which results in a “quadrupolar induced shift” of the centre
of gravity o f the pattern in the low frequency direction. Rb sites associated with fulleride
species which are extremely restricted in motion will be subject to such an effect, and
should experience an increase in

Cq

with decreasing temperature. It is also possible that a

small temperature dependent chemical shift, perhaps opposite to that observed for the Rb
species discussed above, may also contribute to the observed spectra. Such behaviour has
been observed in 87Rb NMR spectra o f a variety o f inorganic rubidium salts.222 From this
data it is not possible to determine whether the shifts in the resonances are related to 1-d
structure changes, or changes in paramagnetism arising from varying amounts of
electrons in the conduction band of a metallic phase, as may be expected given the
dramatic differences in conductivity between the n = 3.0 and n = 4.0 materials.
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125
R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

5.2.7.5. Solid-state 13C NMR of Rb composites.

The 13C MAS and VACP/MAS NMR spectra of leq.Rb-TaTMSl revealed a wide
variety of different resonances, including benzene (129 ppm), Teflon from the spacers of
the rotor (112 ppm), THF (68 and 26 ppm) and some residual TMS-chloride (near 0
ppm), as well as and some other carbon-containing species with resonances at 73 and 56
ppm which are probably arise from coordination o f THF by Rb ions (Figure 49a). The
intense peak centered at ca. 128.5 ppm in the 13C MAS spectrum o f leq.Rb-TaTMSl
arises from the overlap of benzene resonance (diso- 128.5 ppm) with the naphthalene
resonances (Siso= 126.1, 128.3 and 133.9 ppm).223 There is a broad powder pattern that
ranges from 100 - 200 ppm, which likely results from an inhomogeneous chemical shift
distribution resulting from organic species interacting with the mesoporous channels and
a variety of different environments within the metal oxide framework.
The 13C MAS NMR spectra of the n = 1.0 (Figure 49b) has the same signature peaks
as in the leq.Rb-TMSl sample (i.e., benzene, Teflon, THF and TMS1) as well as
additional C60 and C6o" resonances. A sharp peak at 144 ppm and a neighbouring broader
peak centred at 148 ppm, are also evident. The narrow resonance at 144 ppm likely
corresponds to pure C6o, while the latter resonance corresponds to a fulleride species in a
distinct oxidation state, C6o"' however the assignment o f the exact oxidation state o f this
species is not possible at this time.

Interestingly, no trace o f Cgo3’ resonances are

detected, further affirming that RbsCeo was oxidized by the channels o f the metal oxide
framework.

In the 13C VACP/MAS NMR spectra, the Teflon resonance completely

disappears, the intensity of the C6o resonances becomes greatly reduced, and the benzene,
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THF and TMS1 peaks are enhanced, as anticipated. There are also broad unidentified
peaks at ca. 59, 46 and 40 ppm.
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Figure 49. 13C MAS NMR spectra (vrol = 15 kHz) of a) leq.Rb-TMSl, b) n = 1.0, c) n = 3.0 and d) n =
4.0. Corresponding 13C VACP/MAS spectra are shown for all samples with the exception of n = 4.0
sample.

The 13C MAS and VACP/MAS NMR spectra o f the n = 3.0 composite (Figure 49c) are
very similar to those o f the parent composite (Figure 49a).

However, the I3C NMR

spectra o f n = 3.0 material shows a large amount of a C6on" species and less C6o than in
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parent material. In addition, there is a very small resonance at ca. 184 pm which can be
assigned to C 6 o3". These results are distinct from 13C MAS NMR experiments previously
conducted on mesoporous tantalum oxide impregnated with Na 3 C 6o and reduced with
sodium naphthalene to the oxidation state of n = 3.0.193 In these samples, the C6o species
of the parent material were completely reduced to C6o3’ (i.e., a sharp peak at 187.3 ppm
was the only indicator o f fullerene/fulleride species) upon reduction, whereas in Rb
samples reduced to the same oxidation state of n = 3.0 only a minute amount o f C6o3' is
produced. The 87Rb and 13C NMR data therefore imply that n = 1.0 and n = 3.0 samples
are very similar, with the exception of more confined Rb ions in the n = 3.0 material and
the conversion o f a small amount o f C^o to C6o3'. The conspicuous absence o f C6o3’ when
this sample is nominally 3' by Raman spectroscopy, suggests that there is a weighted
average of fullerene species in the pores is 3'.
Perhaps more interesting is the 13C MAS NMR spectrum o f the n = 4.0 material
(Figure 49d). There are major resonances at 186 and 196 ppm, which can be assigned to
Ceo3 and some other highly anionic C6o" species (e.g., n = 3.5 or 4.0). There is no
longer a sharp resonance near 144 ppm, indicating the most o f the C6o has been reduced
to other fulleride species. This data further supports the assumption that resonance at -75
ppm observed in 87Rb MAS NMR is likely due to Rb ions coordinated to a fulleride phase
in the n = 4.0 sample as compared to the n = 3.0 sample which has very little Cgo3 and
showed less intense peak at -75 ppm in static 87Rb NMR. Perhaps as equally intriguing is
that it was not possible to conduct 13C MAS (with high-power decoupling) or
VACP/MAS NMR experiments, since it was impossible to obtain a reasonable
matching/tuning combination on the proton channel for this sample. This is consistent
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with SQUID measurements, which revealed that the n = 4.0 sample possesses the greatest
degree o f temperature independent paramagnetism.

5.3. Discussion.

Based on the results presented herein, two distinct Rb environments exist in all
composite materials: i) rubidium ions in the channels and ii) rubidium ions confined in
the wall of mesostructure. In addition to these, there are a variety o f unresolved sites
associated with various fulleride species, depending on the reduction level o f the
composite. This is contrary to previous studies on the sodium fulleride composites which
had one distinct and well resolved site for Na ions associated with Cgo anions.

The

resonance for this site became less visible and eventually disappeared, or was completely
obscured by other resonances, as the level of Na reduction increased. This may be due to
the differences between the two systems, or in the different responsiveness o f the two
nuclei. In both systems, there was a notable increase in ions associated with the walls as
the level o f reduction o f the walls increased. This trend could also be verified by XPS,
where increased occupation of the sites associated with the walls o f the mesostructure
was associated with a decrease in binding energy of the Ta 4/7/2, 5/2 emissions. Because
o f high degree o f non-stoichiometry in these composite materials, as evidenced by solidstate

ii

i
t
t
i
C NM R, a direct comparison with bulk fullerides is not possible in this case.

Apparently the absolute carbon loading level does not strongly contribute into the
conductivity o f our composites because both the n = 1.0 and n = 4.0 composites are
conductive despite the fact that carbon content in the latter more conductive material is
almost twice less than in former one.

This suggests that the conductivity in these
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composites is due to the presence of certain fulleride species at certain oxidation states or
mixture o f oxidation states as it is evident from solid-state 13C NMR.
The insulating behavior of the mixed oxidation state n = 3.0 composite is surprising,
since this composite is only nominally n = 3.0 and contains only trace amounts o f C 6o3\
always linked with insulating behavior in these materials . 156,193 The presence o f several
fulleride species and a high enough loading level of carbon to ensure the possibility of
conductivity, always leads to conducting behavior in the Na/Ta system, presumably
through a polaron mechanism. The insulating behavior o f this n = 3.0 composite may still
be related to the presence o f small insulating pockets o f C 6o " which act as bottlenecks to
electron flow through the pore system, however the n = 4.0 sample is a semiconductor
and contains a significant amount o f this species as well, making this explanation
unlikely. The fact that this composite had a Raman signature consistent with n = 3.0, yet
contained a variety o f fulleride species, very little o f which were n = 3.0, also calls into
question the use o f this technique alone to adequately characterize fullerides species in
the pores, and possibly even in bulk materials.

This also may shed light on many

controversies in bulk fullerides, normally characterized by XRD and Raman, since
Raman cannot assign an exact oxidation state, and XRD is unable to locate local islands
of non-stoichiometry which may exist.
The most meaningful comparison in all o f our work on one-dimensional fulleride
composites is between the n = 3.0 composite in Na/Ta system and bulk n = 3.0 fullerides,
since this sample showed exclusive presence o f C6 o3' with no other fulleride species and
possessed a carbon loading level high enough to preclude insulating behavior due to a low
concentration o f charge carrier in the pores.

At room temperature, where low

dimensional lattice distortions are usually suppressed due to a high degree of molecular
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vibrations (excepting cases with a high degree o f structural constraints, such as VO 2 ), this
material is highly insulating. This suggests that the n = 3.0 phase is a Mott-Hubbard
insulator and one-dimensional quantum confinement is not responsible for the low
conductivity. This picture is in accord with theories that K 3 C60 is a hole-doped MottHubbard insulator analogous to the copper oxide superconductors. One caveat is that
charge density waves form particularly easily in systems with half filled bands (eg:
polyacetylene), and thus low dimensional lattice distortions should be more favorable for
the n = 3.0 Na-Ta sample.

Since this materials is largely amorphous, unequivocally

assigning C 60 -C 60 distances to determine the presence of charge density waves may not be
possible. The 13C NMR of this material has sharp resonances consistent with fast motion,
further favoring a picture where charge density waves are not formed at room
temperature.

5.4. Conclusion.

We have synthesized a new series o f mesoporous tantalum oxide rubidium fulleride
intercalates and studied their electronic properties as a function o f rubidium loading level.
Solid-state

Rb studies revealed two distinct Rb sites in all composites with progressive

accumulation of the confined site and an additional, less distinct, site in reduced
•

composites.

1^

C NMR indicated the presence o f numerous C 60 species, underscoring the

complexity of this system and the necessity to apply solid-state NMR in conjointly with
Raman spectroscopy. Because o f the presence of mixed oxidation states that can not be
invariably defined and difference in dimensionality direct comparison between the bulk
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phase and the composites is difficult; however, this and related studies has certainly cast
some light on the unusual properties o f alkali fullerides.
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Chapter 6. Conclusion.

Today’s research in nanotechnology is geared towards the development o f more
advanced and sophisticated composite materials with practical applications in a wide
variety o f industrial branches ranging from drug delivery systems for the human body to
electronic chips for the aerospace applications. Because o f their extremely high surface
areas and easily tunable pore sizes, mesoporous materials are very promising in
separation, adsorption, catalytic applications, as well as in the development o f smart
electronic devices.

While some areas have already seen practical applications of

mesoporous materials, especially those fabricated from silica, the quest for even more
applications is still underway. In addition to the aforementioned properties, mesoporous
transition metal oxides offer the additional feature o f variable oxidation states.

This

property, impossible to achieve in silica analogues, is important in many applications of
materials, especially those involving unique catalytic, magnetic, and electronic properties.
The study reported herein is a continuation of previous work on the intercalation
chemistry o f potassium fulleride into mesoporous transition metal oxides.

Previous

findings for K 3 C 60 /M (M = Nb, Ta, Ti) systems indicated that the impregnation o f alkali
fullerides into a mesostructured host lattice produces unique structures with a one
dimensional distribution of the fulleride units inside the pores.

Conductivity

measurements performed on a series of potassium fulleride intercalates reduced to
oxidation states between n = 0.5 and n = 4.5 showed that generally two conductivity
maxima at n = 2.5 and n ~ 4.0 occur in these composites.

Moreover, the variable

temperature electron transport measurements indicated that the n = 2.5 state is
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semiconducting with a semiconductor-insulator transition at lower temperature, while the
n = 4.0 state is metallic down to 70 K. The conductivity maximum at n = 2.5 was related
to that o f bulk K 3 C 60 since n = 3.0 should be insulating according to Mott-Hubbard model
and most theories suggest that the experimentally observed metallic behavior is due to
deviation from nominal n = 3.0 stoichiometry by hole doping. The appearance o f second
maximum at n = 4.0 was attributed to cooperative behavior between fulleride phase and
the walls o f mesostructure, since the n = 4.0 state is normally insulating in bulk fullerides.
In order to make a more direct comparison between mesoporous composites and the
bulk materials, further information about the coordination geometry o f the fulleride units
and the role o f fulleride oxidation state, as well as carbon and alkali metal content, was
required. In this thesis we discussed the synthesis o f a series o f mesoporous tantalum
oxide alkali fulleride A 3 C 60 (A = Na, Li, Rb) composites and a systematic study o f their
structural electronic and magnetic properties applying wide-variety o f different
techniques.
The intercalation o f Na 3 C 6o into mesoporous Ta oxide followed by fine tuning of the
oxidation state o f C 60 inside the channels, reported in Chapter 2, allowed us to chart the
conductivity pattern as a function o f the oxidation state of the fulleride, while solid-state
NMR measurements allowed us unequivocally identify several sodium and carbon
species. In contrast to the K 3 C6 o/M, (M = Nb, Ta, Ti) systems, a single conductivity
maxima at n = 4.5 was observed. The absence o f a conductivity maxima at around n =
2.5-3.0 is not unexpected, as the electronic properties o f Na fulleride are substantially
different from that o f K fulleride and, as o f today, there are no reports of
superconductivity or metallic behavior in Na 3 C6 o.

The conductivity pattern in these

mesoporous composites appears to be related only to the oxidation state of the fulleride
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and not the C-loading level, as previously thought for K 3C 60 composites, because the
amount o f fulleride was virtually constant in all Na-Ta composites.

The retention of

fulleride in the pores of the mesostructure may be related to possible polymerization of
sodium fulleride units, similar to that o f observed in bulk N a ^ o - However, at this stage
we do not have direct evidence o f fullerene polymerization. Comprehensive solid-state
23Na studies o f these composites indicated that in parent material the N a species occupy
one of three sites: i) sodium ions in the channel, ii) sodium ions associated with the C60
anions iii) sodium ions confined or associated with the Ta oxide walls. As the fulleride
phase gets progressively reduced to n = 3.0 and n = 4.5, the Na ions increasingly associate
mobile or surface sites. This structure, where the fulleride units are surrounded by a
double sheath composed of an inner layer of Na ions with the reduced anionic walls of the
mesostructure comprising the outer layer, has never been observed before.
In Chapter 3 we found that samples o f NasCeo prepared at different annealing times
vary greatly, even when Raman spectroscopy and X-ray diffraction indicate they are
identical. Thus, two Na 3 C 6 o samples prepared in the same manner, but with different
annealing times, possess almost identical elemental composition and exhibit similar X-ray
powder pattern and Raman Ag band. Yet, solid-state 23Na and 13C NMR experiments
reveal significant differences in the structure o f these materials.

23Na NMR spectra

indicate that the sample prepared with a longer annealing time seems to have a single
general sodium position, whereas the sample prepared with the shorter annealing time has
two distinct sodium sites, raising the possibility o f local inhomogeneities.

13C MAS

NMR spectra revealed the presence o f both C60 and fulleride species in both samples,
with an increased number of different species in the spectra of Na 3 C6 o annealed for the
shorter time. On the other hand, the sample o f Na 3 C6 o annealed at a longer time displayed
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only two resonances, corresponding to free C6o and C6o3 • These results spurn the relative
simplicity o f Na 3 C 6 o preparation techniques and emphasize the necessity to apply solidstate NMR conjointly with XRD and Raman spectroscopy.
Because Li is an NMR-active nucleus and is used in ion batteries and many composite
ion battery materials use carbon coated oxides at the cathode, we synthesized lithium
fulleride composites of mesoporous Ta oxide. This is discussed in Chapter 4. In contrast
with K and Na- based analogues, the Li material was completely insulating and could not
be reduced upon impregnation into the mesostructure. Solid-state 7Li NMR experiments
indicated single broad resonance which could not be invariably assigned due to the very
narrow range of shifts in 7Li NMR, while 13C NMR measurements revealed the presence
of a single peak, coincident with pure unreduced C6o- Electrochemistry measurements on
intercalation/de-intercalation of Li into the Li composite and the Na composite, as well as
pristine mesoporous tantalum oxide, revealed rather irreversible behavior upon voltage
application in Li fulleride in comparison to Na fulleride. This is probably due to a strong
interaction between the inserted Li ions and the walls of the mesostructure with fullerene
doping suppressing the charge transfer due to the non-conductive fullerene wires.
In order to probe further into the nature of electron transport, the role o f oxidation state
of C6o, as well as absolute C6o content in our composites, we extended our study to the
synthesis o f a series o f Rb fulleride intercalates into mesoporous Ta oxide (Chapter 5).
Again, the absolute value o f the carbon content in this composite material had a
negligible effect on conductivity, as the n = 4.0 material had the lowest carbon loading,
yet the highest conductivity. Variable-temperature conductivity measurements revealed
that the n = 4.0 composite behaves as a semi-metal or narrow band gap semiconductor
with a transition to insulator at lower temperature. This type o f transition is common for
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one-dimensional solids and is normally attributed to a Peierls distortion due to charge
density waves. Solid-state 87Rb NMR conducted on these composite materials revealed
the presence of two distinct Rb sites i) rubidium ions in the channels and ii) rubidium ions
confined in the wall of mesostructure. The presence o f several additional unresolved sites
associated with various fulleride species, depending on the reduction level o f the
composite, is in contrast to the sodium fulleride composites which exhibited a single
distinct and well resolved site for Na ions associated with C6 o anions.

There is a

substantial build-up o f confined Rb species as the composite material gets progressively
reduced.

13C NMR experiments employed for these composites demonstrated the

presence o f multiple carbon species indicative of high degree o f non-stoichiometry.
Contrary to the Na system reported in Chapter 2, the n = 3.0 Rb composite showed an
extremely small amount o f C6 o3" species, while in the n = 4.0 material, a substantial
increment in this species was observed.
In summary, we developed a system in which the role o f oxidation state o f the fulleride
on electronic and magnetic properties o f composite materials could be readily studied.
While these are the first example of one-dimensional alkali fullerides, another important
and unique feature o f this system is the ability to fine tune the oxidation state o f the
fulleride in small incremental steps, a feature impossible to achieve in the bulk analogues.
However, as we have seen in the solid-state NMR studies, the fulleride is not always
uniformly reduced to the same oxidation state, even at integer reduction levels. Materials
synthesized from Na and Rb fullerides showed a single conductivity maximum at n ~ 4.0,
in contrast with materials obtained from K fulleride, where a double conductivity
maximum at n = 2.5 and n = 4.0 was observed. Materials synthesized from Li fulleride
are insulators and the fulleride units could not be chemically reduced.
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The insulating nature of the n = 3.0 state in the composite materials, in contrast with
the metallic behavior in the analogous bulk phase, is not altogether surprising and may be
related to a combination o f Mott Hubbard effects and periodic lattice distortions common
for one-dimensional solids. At n = 3.0, the conduction band o f the fulleride is half filled
and should thus exhibit the most simple case o f a Peierls distortion, similar to that of
polyacetylene. The periodic lattice distortion in this case corresponds to the formation of
“superlattice” with exactly two different bond lengths repeating throughout the structure.
This irregular spacing produces electron localization through charge density waves and
thus leads to insulating behavior. However, insulating behavior in one-dimensional solids
with a half-filled band should be observed anyway, even in the absence o f charge density
waves, due to electron repulsion and Mott-Hubbard effects. Since charge density waves
normally occur at low temperatures, especially in systems where thermal motion of the
charge carriers is facile, we can conclude that even if one-dimensional lattice distortions
are occurring in this system at n = 3.0, the insulating nature o f this composite at room
temperature can largely be attributed to Mott-Hubbard effects arising from the half filled
band . Because o f this, a useful comparison to the bulk phase can be drawn, and the work
conducted on the Na/Ta system can stand as very strong evidence that the n = 3.0 phase is
a Mott-Hubbard insulator.

This supports the theory that bulk fullerides with

superconducting properties, such as K 3 C60 and Rb3C6o, have a composition that deviates
from the nominal and that the observed metallic behavior arises from the presence of nonstoichiometric hole defects in the conduction band. The conducting behavior at room
temperature observed in case o f n = 0.5-1.0 and n ~ 4.0 composites studied in this thesis
is likely due to the presence o f fulleride units in mixed oxidation states, as proven by 13C
NMR in both the sodium and the rubidium fulleride cases. Thus, a conventional polaron
138
R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

mechanism o f conductivity is likely active, and electron transport properties can be
compared with those o f EU3 S4 where conductivity occurs through electron hopping
between the two oxidation states. Thus it appears that in our system the conductivity
mechanism at room temperature most likely occurs through electron transfer between
fulleride units inside the pores o f the mesostructure and much more strongly depends on
the oxidation state o f the fulleride species rather that on the absolute carbon or alkali
metal loading level. However, at lower temperatures one-dimensional lattice distortions
may occur, leading to an increase in insulating behavior due to charge localization. The
conductivity o f alkali fullerides and their composites strongly depends on the oxidation
state of the C 60 units and the degree of homogeneity of the sample, as even slight
deviation from nominal composition may lead to unusual electronic properties.

The

striking contrast o f physical properties in alkali fulleride composite materials with alkali
metals in the same row of the periodic table emphasizes this point. Because o f a high
degree of non-stoichiometry in our composite materials as observed by solid-state 13C
NMR, a direct comparison between the bulk phase and the composite may often be
misleading.
One o f the main goals o f this work was to study the effect of dimensionality on
superconductors.

Apparently the intercalation o f alkali fulleride into the mesoporous

transition metal oxide leads to the suppresion o f superconductivity observed in bulk
fullerides. This is likely related to the one-dimensionality of these composite materials.
In this regards the expansion o f dimensionality by intercalation o f alkali fullerides into
layered m aterials, rather than mesoporous hosts, in order to afford two-dimensional
fulleride com posite materials may drastically enhance the conductivity o f these materials,
and lead to superconducting layers of fulleride sandwiched between inorganic hosts.
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